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. Abstract

Volume diffusion coefficients have been determined
for uranium -233 self-diffusion in stoichiometric and
non-stoichiometric uranium dioxide, and for thorium
-23% self-diffusion in thoria. Concentration profiles
were determined by o ~ray spectrometry. This method
gave a point on the concentration curve every O.lmicron
Thus 1t was possible to measure diffusion coefficients

between about 10712 and 10'120m.2sec'.'1

The effect of
instrumental error on the concentration profile
determined by o ~ray spectrometry was investigated

analytically.

A conparison of concentration profiles in single
crystal and polyerystalline urania showed that grain-
boundary diffusion occurred: An analysis of the poly-
erystalline profiles in terms of a volume and grain-
boundary diffusion part gave values for volume
diffusion coefficients which agreed well with the

single crystal results.

Pure, dry hydrogen or CO/CO2 nixtures were

used to maintain the composition of the urania. por

U233se1f~diffusion in urania;
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UOZ(stoichiometric) (1477 - 1720°¢)

D, , = 6.06 x 1071 exp (~70,000/RT) om”sec™

o
U0, o, (1400 - 16507C)
Do.o1 = 2.04 x 1077 exp (-88y990/RT)cmzsec'l
(0]
U0, o3 (1400 - 1600°C)
Dy g3 = 2.79 x 107% exp (-94,900/RT)er’sec™
' 0
U0, 1, (1400 - 1650°¢C)

Dy 15 = 1.09 exp (-105,000/RT)cn®sec™

o]
U0, 15 (1350 - 1550°¢)

Dy 15 = 6.79 x 10™2 cxp (-80,900/RT) cmsec ™t
The ratio of the grain-boundary coefficient to
the volume diffusion coefficient was aboutb 105 for all

compositions.

The diffusion of uranium increased very rapidly
for small departures from the stoichiometric composition

Por x less than 0.1, at 140000,
log D = 04434 logx -~ 13.31

The activation energy increased with increasing
x (in UO2+X) up to x = 0.1 after which it decreased

again.
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Thorium diffusion in thoria was measured in vacuo,
hydrogen and air, but the partial pressure of oxygen
had little effect on the cation diffusion. For Th23o
volume diffusion in thoria, (1600°C to 2100°¢)

Dy, = 1.25 x 107 Texp (-58,800/RT) cnscert

Models for cation diffusion in urania and thoria
were investigated and experimental observations could

be explained quite well,

An attempt to correlate physical properties with
self-diffusion coefficients in urania suggested that
sintering and fission-gas release are closely related

to oxygen diffusion rather than ursnium diffusion.
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INTRODUCTION




1. INYRODUCTION

1.1.1 General Introduction Several determinations

of cation diffusion in fluorite-type lattices have been

(1-5)

made, viz. uranium dioxide, calcia-stabilised

(6-7)

zirconia and calcium fluoride€8’9) The fluorite-—

type oxides chosen for this study wer:c UOZ’ UO2+X and

ThO The chemnical and physical properties of uranium

o
dioxide have bevn studied extensivelySlO’ll)but fewer
measuremncents have been made on thoria€12’13’14) Some of
these properties such as crecp, sinterability, grain
growth and fission gas release may be related to diff-
usional processes within the solid.(lB—zl) A knowledge
of both anion and cation diffusion in these oxidez and

their correlation with relevant physical properties could

lead to a deeper understanding of the processes involved.

1.1.2 Uranium Dioxide Uranium dioxide is the

most widely used uranium conpound in the nuclear power
field today, and is 1ikely to be used in more and more
reactors because of its good resistance to irradiation
danage and its high wmelting point. A thorcugh knowledge
of the chemical and physical properties of urania is
essential for good reactor design. The fabrication of
the fuel requires the sintering of a powder to form

pellets. Crecp, grain growth and the diffusion of
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fission products are inportant factors in determining

the 1life of a fuel element. Slight deviations from

the stoichiometric composition in uranium dioxide can
cause large changes in these physical properties(lo’22_27)
and the determination of diffusion coefficients in both

stoichiometric and non-stoichionetric urania is

essential.

1.1.53 Thoria Thoria, or a solid solution

with UOZ’ is used in nuclear rcactors; the thorium
being a fertile material., It is also used as a
refractory material and as a solid state electrolyte

when a few per cent of a second oxide 1s added to

increase the tonic conduclivity

1.2  Thermodymamics and Structure of UO,, U0, .
and ThO,
A review of the crystal structure 1is presented in this

section in order to define the system in which diffusion

is occurring.

1.2.1 Phase diagram fro UOZ—Oxygen the range

of non-stoichiometry of Uranium dioxide has been
carefully studied ovcer the past few years and the most
probable phase disgran is given by Roberts(lo’ZB)(Fig 1)

for the hyperstoichiometric oxide. More recent work
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Fig.-1. Portion of UO,-O, phase diagram

showing limit of UO,,, phase 2>
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€29,30)
2=y

but Amato et alEBl) have shown that organic additions

has shown the existence of hypostoichiometric UO
(as binders) may determine whether or not there is excess
uranium metal on quenching, so the vosition of the phase

boundary is not yvet clear.

1.2.2 Phase diagram for Thog—oxygen It is

not certain whether theria shows a range of composition
or not. It has heen reported that it wmay become slightly
substoichiometric, but the analysis was of insufficient
accuracy. Cohen et algég)maintain that hyperstoich-
iometric thoria does not exist. The Th4+ion is very
stable and compounds with thorium in a higher valcnce
state are not known,(BB)so the absence of hyperstoichio-
metric thoria is not surprising. However, Th3+ is known
to exist and the noussibility of a range of sub-stoichio-

metric thoria cannot be discounted.

o (11)
o gnd Th0, The

structure of U02 and ThOZ has becn confirmed by neutron

1.2.% Structure of UO

diffraction studies at room tecmperature to be fluorite-
type, (Fig 2), with isotropic thermal motion of the
oxygen and metal ions. The rms displacements are 0.056ﬁ
for uranium and 0.074% for oxygen. At higher tcmperatures
the intensities of the neutron reflections deviate fron

those calculated for the fluorite arrangement assuming
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(34)

isotropic thermal motion. The differences can be
allowed for by displacing the oxygen ions at random along
the €111 directions to give a disordered structure or
by allowing the oxygen to vibrate anisotropically across
the normal fluorite position. At 1000°¢ Willis(34)gives
the positions of oxygen as ($+&, 3+ 5, +8 ), where

5 = 0.016 for UO, and § = 0,014 for ThO,, with the
uranium and thorium on normal sites. More recent work
on CaF2 by Willis and supporting work by Dolling et al,,
favours the interpretation in terns of anisotropic
vibrations. The structure of UO2 is considered to be

uranium on normal lattice sites executing isotropic

thermal motion with a mean-square amplitude given by

o
ug = 1.3%3 x 10727 (82) (above 400°¢)

and the anisotropic vibration of the oxygen described
roughly by four spheres which begin to separate along
{111 as the temperaturc rises. At 1000°C the dis-
placcment of the sphercs is about 0.15%. In ThO, the
displacenent 1s slightly less.

(11)

1.2.4  Structure of U0y, y When oxygen

dissclves in UO2 to form UO2+X the symnetry elements of
the 'statistical cell' are the same as for UO2. The
extra atoms are distributed randomly and although some

short range ordering may occur, no long range ordering



-15-

is possible. Neutron diffraction studies on UO2 13
at 80000(41)have vielded the atomic positions in the

statistical cell and their occupation numbcrs (table 1).

Table 1

Crystal structure of U0, ;5 at 500°¢(34)

Atom Unit cell Contribution to Tedneratu§
coordinates formula unit factor B(a)
Uan
i) 000 m=1,00(0,01) 1.18(0.056)
0 uun /1.82(0.02) 1.45(0.08)
0! 0.5vv n=40.08(0.05) 1.8 (1.6)
i
on WWW 10.23(0.11) 7.5 (2.7)

u = 0.267 (0.001), v = 0.39 (0,01), w = 0.38(0.01)

S tandard deviations of parameters in brackets.

B=8nm?Uy = 8n° 2
3
where Uf = mean square displaccment and U8 is

total mean square displaceuent.

Models for the structure of U02+X have the U jions
fixed at normal fluorite positions. Actually, the
total rms displacement of the uranium ions is about
0.2128 in U0, ;, at 800°C which is slightly greater
than that (0,185R) for U0, at the same tenperature.
This differcnce can be accounted for either by a

random displacement of the U ions of about 0.1%2 from
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their normal positions, or by displacing a few ions
large distances to give an average displacement of
0.212%. So far, all atteupts to produce a model for

the structure of U0 with the U ions displaced have

2+X
been unsuccessful.

There are three types of dcfects in the oxygen
sublattice; normal lattice sites, 0, with an apparent
displacement to (4+8, +&, z+8) (&= 0.017) of
which probably five to eight per cent are enypty
(c.f. UO2 where all are occupied); interstitial oxygel,
0' and O". The hole at (%,%,%) is not occupicd;
instead two kinds of interstitial site exist. One (0')
is half-way along the line joining (%,3,%) to thc centre
of the line jouining two nearest normal oxygen lattice
sites, and the other (0") is half-way along the line
joining (%,%,%) to a normal oxygen. The interstitial
atoms are about 18 from the nearest hole. Thesc three
defects cannoct be distributed completcly at random as
this would inevitably bring souc oxygens too closc
together, so the results in Table 1 are interpreted in
terns of the formation of defecet zoncs(BB) The rclative
concentrations, normal O vacancies: 0O' ions: 0" atons
is given cxperimentally as 13: 8: 16: An ideadlized
model considers the ratios as 2: 1l: 2 where an oxygen
ion enters the lattice at an 0' sitc ejecting two normal

oxygens to 0" sites. IHowever, this model does not give
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the correct absolute concentrations of the defects.

2,12 1.76 9'6.12 0"

whereas Table 1 gives U01.87i0.03 O'O.Oai0.04

For U0 this model prcdicts UO

0.24
1 - ~ . 3 o P ]
0 0.16+0.06" The errors in the occupation numbers
are high but the discrepancy between 1.76 and 1.87
for normal oxygen vacancies cannot be explained in this

way.

Figure 3 shows a 2:2:2 mnodel where an extra O!
oxygen is included in the lattice. The nrcedicted

formula UO on is in good agrecment

t
1.88 9'0.12
with the obsecrved formula.

0.12

Roberts and Markin consider the structure of

Uo to consist of snmall zones of U409, the model

2+X
being essentially the same as that shown in Figure 3.

This has somc support threcugh electron diffraction
work by Steeb et al(?S)which established & unit cell
of U64014O in UO2¢19 single crystal material in the
temperature range 250 - 600°¢. Nagels ¢t a1§?6)found
evidence of 0409 in U02.007 to b02.17, but this work
was at room temperaturce and U4O9 would have precipitated
out. They found the solubility limit of oxygecn in UO2
at room temperature to be UO2 001 ? but therc was no
evidence of UAO9 zoncs. Further sup.ort for U[,O9

zones arises from neutron diffraction studies on U4OéE;{
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2:1:2 model. Interstitial O, enters
at E displacing normal oxygen at
A and B along [111] to O” positions,
C andD.

2:2:2 model. O at E and F,
QO"at C and D.
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The oxygens in the composite ccll occupy exactly the
sane kinds of position as oxygen in the UO2+X statistical

cell.

Besides the fundamental reflections for the comp-
ositc cell, there are also superlattice reflections on
X-ray, electron and ncutren diffraction patterns which
indicate that displacements of uranium, and probably
cxygen too, take place. These displacements have not

yet been determined.

1.2.5 Defects on the cation sublattice in UO, e

The exact nature of the defceets on the cation sublattice
neceds to be known in order to obtain a model for the
diffusion process. Dawson et alQ?B) and Arrott et a1§?9/

6+ . R . e
regsorted U ions in UO from magnetic susceptibility

2+X
neasurcenents. Using the same method, Haraldsen ct al(?o)
reported U2+ Roberts et al<?l) postulated U?" for the

zones of U409 in UO which 1s well supported in that

2+X
a U6+ - 0 distance would be 2,07 to 1.9%. Aronsonglo)
required U5+ ions for a good Tit of electrical conductivity

measurenents with thceory and this is sup.orted by Roberts

(42) ot

et alQ?l)and Hoch* . Thus, it is prcbublie that

exists in UO but the exact positions of thesc ions

2+x’?
are not known.
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The defects on the cation sublattice in Th02 are
probably interstitials and vacancies defined by Frenkel

and Schottky nroducts$®>)

1.3 lodels for diffusicn processes The driving

force for diffusionzl processcs is a decrease in chemicad

potential, the direction of movenent being down the
activity gradient. In self-diffusion studies the movement

can be described by Fick's first law:

J = ~D §§ (for steady-state conditions)
D = diffusion cocfficient;
J = flux;

de

i

= concentration gradient

Cy
™

and for non-steady-state conditions Fick's sccond law
applies:

dc 620

——y e

o 3

1.5.1 Solutions of the diffusion eguation

Solutions of Fick's equations are readily available for
. o s (44-4T7) o L

various boundary conditions: The conditions

obtaining in this series of experinents approximate to

diffusion from an instantanccus scvurce into a seuni-

infinite medium. For these boundary conditions the

concentration at a depth x after a time t, is given by
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the well-known equation,

C
— ) —-——-—-—-_X
¢ Get) =ppe exr (TR ~-@
(C_ = initial concentration in the layer)

0
This equation applies only to a single mechanism of

diffusion.

In polycrystalline matcerial some account must be
taken of diffusion down grain boundarics. Several
solutions, with various approximations, for diffusion
into a polycrystal from a surface layer naintained at

- "y . (48-51)
a constant composition are available, but only
onc solution for diffusion from an instantaneous source
. . s . 2
into an idealized polycrystal has been found (Suzuoka(5 )L

The averagc concentration at a depth x is given by,
2 [ o

K = K| 2 ,
c (x,%) =/=%= exp (--4-11-) o ), ((M°/0)-2)x
. 2 —X(_
=y _— rl’ n\ et =) ‘4 dﬁ 1
(L-,Xp ( 11,-6!)@‘0)/@”')( Vo Xerfc }L) 53/-2 -@
(where X =/A~l 2 I
a-g g
K = awmount of diffusant per unit area in

instantancous source;

ww = x//D%;

2b = mpean linear diuension of graing

A = Db/D;

B = 2a (a -1)//Dt;

2a = thickness of grain boundary, agsuncd

to be 54).
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Another solution, which appeocrs to be slightly
morc complicated than Suzucka's, is shortly to be

published by Wuttig et allo>)

1l.%3.2 Determnination of diffusion coefficients

A review of methods for deternining diffusion coefficietits
wienn diffusion is taking place from an instantancous
source into a semi-infinite mediuwm is given here. Cation
diffusion cocefficients are known to be small in UOZ(I_B}
sc that the nethod nmust be applicable to small pene-

tration dcpths.

1.3.3 Decrease in Surface Activity method(5@)(D.S.A)

This is only applicable if there is no grain boundary
diffusion. The relative activitics (concentrations)
down to a fixced depth are measurcd before and after a
diffusion anneal and,depending on the ccunting geometry,
the results are cxpressed as in equations 3% and 4,

(derived from equation 1).

For '2y' counting (1)
A = o ._..]2 ( o _(2\
i erf B -;== (1 - exp (-E<)) 3
(E = R/2VDE, where R = range of k=-particles)



-2

Coliimated count,

A o cprE
AT CrTEUTE ®

The method 1is applicable to very small diffusion
coefficients and is non-destructive, but very large
errors can rcesult from loss of tracer by evaporation

or from the effects of a boudd surface 1ay@r€53)

1.3.4 Deternination of the concentration profile

The advantage of defining the concentration profile
is that both volume and grain boundary diffusion can

be detected.

a) Sectioning This method is only good when the

penctration depth is large compared to the slices which
are removed. This is not trie casc in U02(2’3’5)where
it is very difficult tc renmove thin parailel slices.
The method is destructive.

b) Alpha-ray spectronctry A pha-particles have

56)

a limited rangc in matter( and the residual encrgy
of an ¢ ~particle enitted from o solid can be related

to its depth of origin within the solid.

McNamara(l) used a '2 ' counting geometry in his
el~ray spectroueter, but the spectrum did not give the
concentration profile directly. An equation (eguation 17

had to be assumed for the diffusion process and the
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ex —=particle spectrum was calculated for various values

of Dt.

In later work McHamara nadce collimated counts on
diffused sanples to obtain the concentration profile
directly. Alcock et alﬁ?7) including some of the work

' Hosi - i 15 (58) - .
from this thesis, and Schuitz have also used «K-ray

spectrometry to determine concentration profiles in UO,.

The effective "slice thickness" in «-ray spectrometry
can be made extremely small (e.g. 0.03 to O.;WQ depending
on the amplification of the spectrometcr and the activity
of the tracer. The method is non-destructive, so complete

concentration profiles can be obtaincd for different

tires of diffusion anncal with the sane specinmen.

1.%.5 Deternination ¢f D and Db from the
conccecntration profile

For single crystal nmatcrial only volume diffusion is
expected and a plot of 'log (activity) versus 'x2r will

give D from equation 1.

Suzuocka's model for diffusion in polyecrystals shows
that near the surfacc the grain boundaries can act as
sinks, and at large penctrations 'log (concentration)!
VCrsus ’X6/5' is linear. Tables of values for the grain
boundary contribution to the diffusion process are

(52, Appendix 1)

available, and for the range of grain
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sizes and expected Db (grain boundary diffusion
coefficient) in polycrystalline U0, and ThO, the
gradient of 'log C' wvcrsus ‘X2' down to 2 depth of

3 VDt should give D (volume diffusion) to 10—15%(5?)
Dy, is found in the equation,

0.973 log (& -1) = 6,567 - 1.644 log¥ - logyDt -@

(where Ay Db/D;

“3aleg o/ 2 (x%/5))

Eas
[

1.4 Prcvicus work on UO2 and UO2+X 4 full

critical analysis of previous results is being
witheld until values for volunie and grain boundary

diffusion have been cetablished.

The methods used by previous werkers include the
decrease in surfice activity method (D.S.A.),
sectioning and «-ray spcectronetry. In no instance is

there good agrecment between different sets of results.

l.4.1 Deeiie method The decrease in surface

activity mcthod has been used by MclNama ag ) Auskern
Z
and Be 115(2) and Lindner and Schmitz<)) for cation

self-diffusion in urania under a nydrogen atrnosphere
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Fig. 4. Decrease in Surface Activity results for

U-diffusion in stoichiometric UO,.
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Thess results are shown in Pigure 4. 1t can be seen
that there is only fair agrecnent botween the three
scts  of neasurcients. Both Auskern and Belle, and
McHamara, used diffusion couples, whereas Lindner and
Schmitz did not use wellets face te face. The higher
results of the lattcr workers could be explaincd by
higher evaporation losses. All threc sets of experi-
ments were performed on polycrystalline material and
grain-boundary diffusion could explain the scatter in
the results. A dcecreasc in the value of D with time
would be expected if grain bcundary diffusion were
present and Auskern and Belle showed a slight decrease
in their experinmenis, but because of a large experi~

mental error this was not taken to be significant,

Equations for D are,

MelNamera, 1 - ,12 oxp ( -108,000/RT) crn®sceT™

(the pre-exponcntiazl factor is 1.2 in refercnce 1 but
tis should be 0.12 to give a better £it with experi-

mental results.)

Auskern and Belle,
D 4.3 x 10”4 CEp (—88,000/RT)cm%sec

(Q

-1

N

I

-88 keal +11)

Lindner and Schuitz,

D = 0.23% exp (—lO4,000/RT)cm?sech

(Q = =104 keal +7)



Becausc of the many sources of error thesec results
must be uscd witih caution. Little significance can be
gttached to the pre-exponcntial factor and the activ-
ation cnergy if two mechanisms of diffusion are
responsible for movement of the tracer. However, the
value of D obtained from these cguations can be usceful
if considecred as an 'eifective' diffusion ccefficient

in that particular polycrystalline samplc.

1.4.2 Scetioning Methods fuskern and Belle,

Lindner and Schmitz, and rccently Yajina ct 31559)
performed scetioning experinents to find concentration
profiles in polycrystals of U02. Lindner and Schmitz
claimed good agrecunent with the D.S.A. diffusion
coeXficient. This could be explained either by a large
error in the range of tho eparticlces or by grain-

boundary diffusion.

Naogels ¢t alg?)recently pubiished results on
scetioning cxperiments in single crystals UOZ' Any
scctioning experinent is difficult in U02 wien such
thin layers have te be remeved and this work is nrobably
the most significant. However, the diffusion anncals
were carried out in a vacuwn furnacce and tiere is some
pogsibility that the material was not at the stoichio-

metric compoesition., A furtier discussion of this work

will be made in the light of the present work on U02+x“
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Yajima et al,perfomued experinents at very nigh
temperatures in order to obtain o large penetration of
the tracer. In this instance, the sectioning work can
be gquite accurate, but the stoichiometry of the urania

was not fixed in thesc experinvnts (sce Discussion).

1.4.3 Al vha-ray spectrometry results McNanara

and Schmitz have dctermined concentration profilces in
polycrystalline U02. The slope of 'log C' versus ’X2'
(equation 1) well away from the surface of the pellcts,
gave results in agrecment with D.5.4. measurcmuents.
However, McNamara also determined the concentration
profile after diffusion into & single crystal and this
led to a diffusion coefficient 10 times smaller than
thot in polycrystalline material at the samce temperature.
All the concentraticon profiles in polyerystals showed a
steep section ncear the surfazce. An analysis of this part
of thiec profile gave 2 value of D close to the single
crystal value. The foct that 'log C' versus 'X2' is a
straight line is not indicative of the zbsence of grain

boundary diffusion§1,52,61,62)

(63)

Marin and Michaud usecd A-roy snectrometry for

diffusion in UO2 and they rceyorted a value of D of about

5 X 10—16cm?secf} at 1700°¢ (c.f.D.S.4A. work gives about
10—13cm%secfl). This result will be discussed in the

light of the »resent work.



l.4.4 Bvidence for grain boundary diffusion in
U0

a) McNamara showcd direct evidence of grain
boundary diffusicn in stoichiometric U0, and an analysis
5

following Fisher's mcedel gave Db/D = 10 (McNamara

4

gave Db/D = 203 but this was duc to zn error in

mneasuring the slope of 'log €' versus 'x').
& &)

b) Belle and Lustuan's scetioning experiment
showed a taill probably due tc grain boundary diffusion
(Fig.5). Again D,/D = 20 was given, but the analysis
wis wrong. It appesrs that the diffusion coefficients
were calculated from the two nortions of the 'log C!
versus 'xz’ plot, D being detcrnined from the steep
gslome near the surface and Db from the shallower slope
using equation 1. This assumes two conpletely
indenendent mechnnisns for two diffusion processos
from an instantaneous source into o scemi-infinite

medium.

If the two processes did forlow the same cauations
g8 apnly to purely volume diffusion(?4)then the problem
would bec one of diffusion into a composite medium€44)
On the other hand, if the sccond section of the concen—
traticn profile is taken to be grain-boundary diffusiocon

. ) : 6
and Fisher's model is assumedthenﬂDb/D = 52107 approx-

imately (at 1615°¢).
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c) Yajima e% 1Q?9)1nterorctud thelr concenbration
profiles in terms of a volume diffusion part near the
surfacce and a grain-boundury diffusicn part farther in
(Fig.5). Thcse reosults give strong support to the

existence of U grain-boundary diffusion in UOEﬂ

\.ﬂ

2)

L

d) Schmisaz reports that the grain bourndarics

k

quickly fill up with ftracer and renain 2% 2 constans

coricentration. This would only be correct if the initial

O
T

guriace layer were 50 anisobropic that no surla
diffusion or volume diffudion could take place 5o Fill

up the boundaries as they gradually becamc deplcted by

A

diffusion of the traccr away into the grains.

L.4.5 Cation diffusion in U0 Marin and

L LY ML - L
Hic niua( E) show that diffusion is probably enhanced in

o~

non--gtoichiometric urania, The only values ¢f D

sorted for caticn diffurion in non-stoichiocmoses o

urania arce those of Lindner and Se

o

the diffusion =nncals werc carrio:
atmosphere, and nssunin ho woine oxygzen
content at all temperatures,the value of = in UO?#x
would change depending on which non-steichicometric
composivion was in cquilibrium with the fixcd oxypen

partial pressure at the tenperature of the anneal.



(A D.S.A. method was used to measure D). The significance
of this work is to demwonstrate an increasc in D when

urania beecomes non-stoichionmetric.

1.5 Previocus work on Th self-diffusion in ThO?

. 230 . .. .
Tentative results have been reported for Tthj diffusion
N
in Th23202.(*2) Diffusion anncals were performed on

N

polycrystalline material with a grain size about 10 to

20 microns. Thc results showed considerable scatter,
1

ziving on activation cnergy of 37.8 kecal.mole —5
D

= 1O—llcm2sec"l at 140000 in air. Considerable

groin-boundary diffusion was indicated.
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ALPHA-RAY STECYROMETRY
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2 ALFHA-RAY SPDCTRCNMETRY

2.1 Introduction It can be assumed that

A~-ray rarticles emitted from the surface of UO2 with

the same residual energy have originated at the sane
depth below the surface€l> For a collimated count, all
e~particles with residual energies between B and E+ AE
will have originated in a slice of thickness ar at a
depth r below the surface (Pigure 6). The number of

K —-particles with cnergies E to E+ AE will be proportional
to the concentration of the tracer in the slice. If the
« ~particle energies are sorted with a multichannel

pulse analyscr then the count in successive channels will
give a concentration profile since this corresponds to

counts from successive slices in the pellcet.

An ermpirical nmethod of calibration was cstablished
which was independent of the w-particle range-cncrgy
relationship in matter. Several checks on the calib-

ration were possible.

The effect of "instrumental error” on the concen-
tration profile was investigated analytically. The
instrumental error in the «-ray spectroumeter producecd a
Gaussian spread for o monoenergetic source instecad of a

count in one channel enly.
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242 Alpha-ray spectrometer It is difficult

to obtain a good collimated count with an ionisation
chember, since a micro-mesh grid wmust be placed over the
sanple to achieve collimation so cutting down the
activitygl) The use of a solid-state detector(65’66)
enables the whole of the surface of the diffuscd sauple
to contribute to o collimated count. The counting
apparatus (Pigure 7) consists of a solid-state detector,
at a fixed distance frowm the radiocactive source,
contained in a light-»nrocf, vacuum-tight chamber.

The detector is sensitive to light, and a vacuum is
required because of the limited rénge of x-particles in
air. A vacuum of 50 microns is adequate for a source
to detector distance of about 3 cmi, the pressure linit
depending on the cmplification of the spec.rometer and
tiie ecrncergy changes per channel. An oll vapour trap
consisting of copper gauze in a U—tube(67)was found to
be adequate to prevent contamination of the sensitive

surface of the detector.

The solid-state dotector consisted of a single
crystal of n-type silicon on which had been feorned a
p-typc surface layer. A very thin gold {ilm formed an
cleetrical contact to the p-type layer znd a seccond
contact was made to the back of the slice. The

application of an e¢.m.f. across the p-n Jjunction causes
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the charge carriers to sceparate forming a depleted zone.
The passage of ionising radiation through this depleted
region forms electron-~hole pairs which are collected
under the influence of the ¢lectrical fileld and nroduces
2 pulse proportional tc the cnergy of the incident
radiation. This pulsce can be amplified and fced to a 100

channel pulsc analyscr.

The detector used for this work was an Ellict type

SRD 1. This was operated at 100 V bias from u 1786 D
nower unit. The pulscs fron the detector were fcod
into a pre-amplificr (I.D.L.type 652: Risc tinc =
Pall tine = 1/Mseo; Attenuation = 22db) and
eventually to a nultichanncel pulse analyser (13%63D)
(normal settings: Back-bias = 22V; Channcl width

0.%3 V). A standard weightless U~2%3 source (4.816

HeV (83.5%) 4.773 IlieV (14.9%)) was uscd to neasure
the resclution of the spectrometer. The width of half
the peak height was 80 2V. (The rcesolution was

noninally 50 keV for an SRD 1 type detector).

2.2.1 The counting geometry The sensitive

area of the detector was about 0.6 inches in diameter
and the diameter of the largest diffused samples counted

was about 0,25 inclics.



Detector

E. A

S
r r cose

TJ’

Source
W

Fig. 8. Variation in depth for an
x -particle of energy Ep.



0=

- detector

g .
q—an—X source

FIG.9 DETERMINATION OF AVERAGE VALUE
OF cos®




—41~

Consider Pigure 8. The grecatest difference in
depth of origin for «-uarticles with thc sauc encrgy
impinging on the detector is r - 1 cosé}x. Por this
difference to be 5» of r, & =1.31 inches. For a 1%
differcnce d = 3.02 inches. When d = 3 inches the
activity was very low because of the severe collimation,
g0 & position of d = 1.4 inches was used most cften for

counting.

Since the e—porticies are nvt perfecetly collimatea,
the depth below the surface of the source corresponding
to a certalin energy will in nost cases be smaller than

that for a collimated count (Fig.8). For the standard
counting position this difference could bhe as much as
5%, 80 the average depth of origin for an x-particle

of energy Er wos worked out,

Frow Figurc 8 the depth ¢f origin of an ~«—particle

is,
r cos &

The average dewvth of crigin for energy Er isy

where cos® is the average value of cosé& for all

o —-particles with cenergy Er'

Consider Figure 9, cos@ is given by,



—iD=

a - ax
jo QﬂX.Z.SO g cosPde .d¢g .dx

(" 2mx.2. W ("0 ap ax o

cos & =

4av cancels in the numerstor and denomiinator, and we

have on integrating oncc,

o C . nax .
cos @ = g___p jo 111.@‘.. 'qudx
e T JREERS

Sox g0 d¢d><

(‘ S + x° + 2bx cos # dfﬁdx
Toseé = Jo © X2 +-82 + 2bxcos¢ -

fa \/ 1 )

DT+ X + 2bX cosg
jc) & o S d;adx

This was evaluated graphically by plotting

" 4 %P + 20X cos &  nvs. "é" (0 toT1r) for
)
B2 + x° + 52 4 2px cos @

various x (0 to a), finding the area A, and plotting
"XAX" vs. "x" to give the double integral in the
nuncratory and similarly for the denominator,

(2 = 0.125; b = 0.3; S = 1.4 in.).

———

Thus, cos®@ = 0,995

giving that the average vatue of the depth for an

w=particlc cncrgy E, is 0.995r.

The error in r is only iwportant when the collin-
ation is not gouvd. Here, the error introduced into D
is about 1% which is neglig:ble coupared to other scurces

s
of error.



243 Calibration of the spectremeter  Previous

1,58 .

worxers( ;58) have agsuncd a lincsr range- cnergy
rclaticnship for ¢-particles in UOZ’ and linear
anplification of the wulscs. An empirical nethod of

calibration has been develoned which is applicable to

any range-cncrgy (energy-channel nuaber) relationship

for w-narticics in nntter.

2.5.1 Calibration For a honogeneous source

with a constant concentration of an y-emitter, N atons
per cc., the total count from the surface dow: to a

depth r within the source nust be,

= L ; -
C, = S Ar Xt ®

wherc o = solid angle (small) over which the count
is taken;

t = time of counting;
A = area of scurces

A = radionetive constant.

Re—-arranging equation 63

- 4m C (N
TS0 e Cb
Atu‘ ,>\

For a standard weightless source of the same arca as the

homogeneous scurce we nave,



m44m

(wherc C4ﬁ is the '4 1! count for the standard source
and Cw is the count over a solid angle o, i.c. in the

fixed position in the counting chanmber.)

Knowing A, t, ¥ and N and using equation:7 and 8,
values of Cr corresponding to channel Kr’ can be
determined to give r. A graph of 'r' versus 'channel

nuniber! can be nwlotted.

T
A

This mcthod of calibration automatically allows
for the efficicncy of the detector (normally 98%(68>)}
and other c¢ffcets,such as back-scattcr, which arc assumed
tc be the sanec for a homogencous and a weighticss source,
The value of 'r' is the average vaelue as obtained in

scetion 2.2.2.

2+3.2 A simplification in the calibration for
Uo

Consider twu hollozencous Sources one COHSiSuing of
(&3 b
U258 2%4

and U in radiovnctive equilibrium and onc enriched
- 2373 ; . .
with Uc2? (0.1% was actually used). Let the counts
from thesc two scurcoes be 023“/25f and 6238/254/233
O T u

in tliec sane time and for the samc area. Then, fron

equation 63

__Egéé = AW X )ozz
Co3g/274 2(N N o=g



(where Cozz = 0238/23QQ33_-0238/254>

C

C

2
2

so (N X)ZBB =

\

3 x 2T N)psy D
8/234

]

N°38 can be calculated from the density of the ncilets
, i o s (N o s fou -~

and A238 is known. Thus (N A)ZBB can be found and
used directly in equation 7. This was found to agree
exactly with the cnrichment figure,and the known value

2.963 Calibration for ThO2 The calibration

for thoria was taoken dirccetly from the calibration for
urania. Valucs for thic change in cnergy with distance

in UO2 ond ThO2 were avallable for scveral o-particle

energies(DB) giving,
() = 1.13 x (£
2 Tl102
Thus, Xnho = 1.,13% X50.
2 2
- 2 _ 2
and, X Th02 = 1.28 x UOZ , ctc.



2.5.4 Corrcction factor for low cnergy
oL~particles

A homogeneous source should give the sanc count in all
channels of the pulse analyscr (cquation 6). This was
not found, (Pig.10) (sece rof.58 and section 3.5), and

an empirical correction was made to o constant channcl
width to give the councentration (activity) in the same
units in a8ll channels. PFor c¢xanple, the'silce-thickness®
at a de,th of about 7.5 nicrons was asbout 77% of that
near the surface, reqguiring a correction facter of

about 1.3 to give the concentration in the corrcet units

2.4 Cheeck on the ealibration Checks on the

calibration method couid be made in part znd in toto,
The solid angle of counting could be cstimated from the
geometry of the counting chanber; and a complete cali-
brotion couid be carried cut by the metihods of McNauara
and Schnitz assunming & lincar range—-energy relationship

for A—particles in U0,. A sccond indepcendent check was

Y

obtained by calibrating the spcetroncter in terms of
cnergy using oo nonocnsrgetic source and varying thc
cnergy of the g-nzrticles arriviang at the dotecter by

changing the goo pressurc in the chanber.
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24,1 Solid anglc of counting An estinate

of w/4n (equation 3) could be made by considering the

gecnmetry of counting,

The solid =2nglce subtended by the detector at
A (Figure 11) is very closc to that subtended at 0 for

small values of x, and is given by,

w = 21m(1l - cos@)

therefore,
o _ L - _d _ 0
AT 2 2Vd2+b2 42)
Substituting values for b and d in equation 10 gives
/41, but the error is largc in mecasuring b, the radius

of the detector.

d L.4 + 0,02 in.,

b = 0.3 + 0.03 in.

ORI i . _ +0.007
Equation 10 gives w/41 = 0,010 -0,00l)

This agrecs wcll with the cmpirical value of 0.010+0,001

2.4.2 Calibration assuming

channel number re

linesr range-—

- 1S
1onenlp

Sohmitz(58)

gives values of dE/dx (ch%/‘) calculated
irom =2 thevrctical equation for the encrgy loss of

charged particles noving through mattergég)
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dE/dx changes siightly with encrgy, but it is assumed
to be comstant over the range of cnergics considercd.
So, using a nulti-standard sourcc with pecks of known
encrgy the nunber of eV per channcl can be found, and

using the values of dE/dx the nuumber of microns per

channcl can be obtaincd.

For energics about 4.8 MeV a nulti-standard source
(U233, Pu2399 Am24l, Pu238, Cm242) grnve 30keV per
ciannel,  Schnitz gives 283 keV per nicron, so 1 channel
width = 0106 micron which was in falr agreciient with

the emprrical calibration.

) Range-—-crnergy relationship forcm—pa;tiqles
in U0,

Equation 6 (section 2.3.1) nredicts that the same count
should be obtained in all channcelg of the rinlti-channel
pulse - analyser for a homogzencous scurce (with g linear
range-energy relationship and linesr anplification in

the spectrometer). This was not found to be so, (Piz.10),
A calibration of the spectroncter in terms of energies

of the w-particles wos mads and it was found that 2

plot of ‘energy versus channel nurber was not linear,
(appendix 2). This, together with changing dE/dX(SS)
(section 2.4.2) explaineé the fall-off in count towards
lower energies, The fall-off does not aifect the

calibration in section 2.%.1.
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2.5 Effect of Instrumcntal Error on the

onno.ntratloniﬁgoflle

The count frou a weightlcss source should be registcered
in one¢ channel of the pulse analyser. This is not
obtained; instczd a sprecad, closc to a Gaussian
distribution,is found (Pigurc 12). Tuis spread would
110d1ify the conceantration prefile and a solution was
obtained for a Gaussian spreaed applicd to the casc of
diffusion from an instantaneous scurce into a seni-
infinite mediwa (appendix 3). Thc concentration at x
is given by,

ey

'c, IR iy
C, = =% f . exp (*&‘2{--2 -) .erfc (*—*-D -) —‘i)
' 2J2n0* (D" +1) - D°C o+ 1 D41

(where x* = X/VQGZ

DT = 2 Dt/chz;
¢ = standard deviation of the Gaussian)

For the rangc of D's and diffusion times for UO2
- . 2
U =1 A , MWy o 1 . 1 1" econ <
O2+X and Tnog, log Cy versus X becones a

. i * . .
raight line after x = 4 with a gradient,

G - 1% T A et e e 6 2w »..v..». .

2.303 (4Dt+2¢°)

(c.f. -1/9t2.2 Dt with no spread)

2
s - A~ 24 ({4
La€o D = 5.21 £ 4t @

e
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The correction term only becomes important for
large spre=ds, short diffusion times, and small values
of Dt. Generally, the correction was about 1% with a

naximum of about 2% for a diffusion run of 8 days in

o)
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EXPERIMENTAL
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3 BXPERIMIUTAL

3.1 Haterials The noclyerystalline UO2 was

(1)

the same as that used by Mcllanara and the singlc
(08
crystal UO2 came from the samc sourcc as that used by
-
Nagels et alg)) The tnoria pellcets were made in the
I

laboratory.

3.11 Stolchiometric UQ, The pelliets were

supplied by thne Cheunlstry Division, A.E.R.E., Harwell,

and were made by sintcering cold compacted U02 powder in

cracked amuonis at 17500C. This neterial had a grain

size ¢f about 12/M.

The single crystal U02 wag made at Mol, Belgium,
(70)

end was grown frow the vanour.

Z2.1.2 Preyarations of UO2+y Non-gtoichiometric

urania was prepared by two metiods: 1) Oxidation using
U0q ot 1200°¢4 % iy an evacustod silica tube.
2) Oxidation at
1600% using €0/C0,.

-

Due to mizcalculations method 1) was used for wost
samples. Fortunately, the mistakes werc not important

as will be¢ shown later. The first wrong assumptbtion was
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thait the supply of oxygen fronm CO/CO2 was scevercely
limited by the flow of gapn o2nd its low oxygen partial
pressure, Althougzh the equilibration in the solid state
would have been faster 2t hizher temperatures,this
method was rejceted becausc of the supposed pauclity of
oxygen. In fact, the sup.ly of oxygen would be very
large since the 00/002 ratic would adjust as the oxygen

was renoved into tne urania, e.g. 5 gm,Uoz requircs

.0
T

about 2 x 1077 mole oxygen to form U0 his could

2.1°
be supplicd by 90 nl of €O, forming CO+%02. The 00/002
mixturc in equilibrium with U0, , at 1400°C has a ratio
1/53, so thcre is ample CO2 in the system to provide
oxyzen for the formation of U“Q,l’ (pure €O would be
required over stoichiometric UOQ). In the first part
of the oxidation probably most of the 002 would
dissociate. At flow rates of @bout 100 ml/min., the
supply of oxygen from tie CO/CO2 is adeguate. The
ability of the CO/CO2 nmixtures to supply and rcmove
oxygen quickiy at the temperatures of the diffusion
anneals ( the rate denending on solid state diffusion)

cnsurcd that the samvples were at the corrcet composition,

The sccond error which led to the low temperature
oxidation process being uscd was & miscalculation of the

(118)

oxygen diffusion ceoefficient. Darken and Gurry state

that diffusion into a slab is 93% complete when,
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Dt = 1.0
L2
(L = half-thickncss. )

This would bec a slight overestimate for a pellcet.
Useé of the wrong value of the oxygen diffusion coefficient
predicted complet. howogenisation within a tine of 2 days.,

(72)

orrcet vaiucs (Auskern and Belle

<

Howover, ucseof the

DZ.OOQ is 10 tiwmes too big) required a2bout 30 days Tor
7 e T e - - 0 :
U02.06 and scversl months for UOZ.OOZ at 10007C. Thus

. . O] v . -
oxidation at about 1000°C does not achisve homogenisution
with the treatucnt given in this work, although several

0 v s s
days at 16007°C,as used in the sccond nethod,would be

gsufficient.

As an empirical check on the reduction of U02+x

by the CU/CO? mixture two single crystals, U0, 01 and

U0, 1, were annezled in an atmospherc in equilibrium
.
with U0 Both gave similar concentration profiles

2.01°
cnd diffusion coeflicients for Ujindicating that the

UOz'1 had been quickly rcduced to U02001. This is
understandable fron equations in Darken and Gurry's book
for diffusion into a slab for the surface held at
constant composition, Cq If ¢ is the . " . COlipO-
sition =zt depth x after time t, then for ¢ = 0.9508,
x/v Dt = 0.1. Using the lowest estimate of D at the

lowest tenperature of tae
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diffusion anncals, it is found that the first wnicron
reaches a composition highcecr than 0.950S in 25 sccs. and
first IOﬁ in 2,500 sec. Since the uranium diffuses much
more slowly than oxygen, the composition is established
well before the U tracer diffuscs in. However, the flux
of oxygen could affect the diffusion coefficient of the
uranium(73) but no differencc in D, was obscrved in

fully homogenised pellets and those prevared by method 1.

Thus, cven without prior oxidation, provided that
the gas has access to the activé surface, diffusion of
the cation into urania of known composition can be
studicd. Oxidation effects should show up in D

alculated for different times in the samc sample.

D was found to be constant with time (sece Fig.40).

3.1.3 Thoria Experinents werce performed on

commercially available thorig a2nd pellets prepared from

reactor grade thorium nitrate.

The vreparation of the pellets was as followsg74’75n
Th (N03)4.10H20 was dissolved in de-ionised water. This
solution was nade acid and the oxalate was precipitated
by the dropwise addition of excess oxalic acid. The
precipitate was filtered, washed with alcohel, and left

to dry. The oxalate was transferred to an alumina boat
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snd heated slowly to zbout 350°0 and left overnight when
nost of the water would be evolved. The final calcin-
ation treatument was to ralse the teuperature to 900°¢

for a few hours. The cxide was stored in & desiceator
and before pressing pellets the powder was pre-sinterced
at 1200009 cooled, mixed with about 1% binder (Cranco, 10
volye methyl methacrylate in benzene) and dried under an
infra-rcd lanp. Pellets were nressed with & 1 cnm. di~m-
cter strel ram and die at a pressure of 40 t.s.i. Any
discolouration on the pellets after vressing was renoved

with 500 grade cmery vaper. The binder was burnt off

g
by hcating to 600 - 700°¢ for about 5 hours in air.

The final sinter was nerformed in a vacuun furnace at

a temperature of about 1900% for 5 hours. This
produccd white translucent pellets with a grain size of

about 30/»\,9 which subscaucently increascd to about 109m

after being heated to about 2000°C.

5.2 Polishing Both single and polycrystalline

sanples of UOZ? U02+x and Th02 were roughly polished
using silicon carbide paper (under water) down to 600
grade. The fine polishing was performed with diamond
paste (Dialap - 14,3,3 and 4 micron), on cartridge paper

on plate glass., An cexcellent mirror-like finish was

obtained. The technique of using a fibrous paper, with
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the abrading particles embedded in it should ensurc that
no rcally deep scratches apncar on the surface;and very
few were observed. It was felt that absolute flatness of
the surface was not neccssary since 2 collimated count
of the surflace was tzken to determine the concentration
profile and,provided that the undulntions of the surfacc
were small,and that most of the tracer nade contact,then
the conditions would not be too far reneved from the
theoretical model for diffusion from 2 planc source.
Some pellcets were annealed after polishing, usually for
about 1 day undcr the conditions of the subsequent

diffusion anneal, before the tracer was dcposited.

Se 3 Cleaning the surface of the pellets Most of

the urania pellets were cleaned by washing in carbon
tetra-chloride and then in alcohol. However, when work
was started on thorig it was found essential to clesn the
suriace thoroughly, Warn alcocholic KOH was used to remove:
greasc and after rinsing withwabter, serchloric acid was
swabbed over the »ellet surface. Pinally the pcllets

were washed with ~lcohol.

5.4 Plating the tracecr  Several different

methods of depositicn of the tracer were tried. The best

Nz
wethod for U‘JBO2 was vacuum sublimation and a quick
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method for both U233 and Thajo was developed by Mr D,Sood
at Imperial College using an alcoholic solution of the

perchlorate of the tracer cation.

Sedold Plating Stoichiometric U02 The tracer

used for diffusion studics in urania was supplicd as a
solution of 2 mg. of U-233% metal digsclved in 1 nl. of
nitric acid, and wag subsequently made u» to 10 ml. with

distilled water.

Several methods werc used to deposit the active

laycr on to the vnolished surface of the diffusion spcecimen

i) Using tetraethylene glycol as a wetting azent

This method required some skill and paticence. tThe best
results were obtained by evasorating down the agueous
solution of U-233 nitrate to a small bulk and then

adding one drop of T.E.G. just before the deposition
occurred. In this way attack cn the retaining ring of
Zapon varnish was roduced to & nminimum. The varnish

wos removed by heating in vacue at about 1000°¢. Quite

2 high activity could be cbtained without serious impurity
contamination, but tnis nethod was tedicus and unrelisble
in that autoradiugravhic cvidence often showed very
uneven deposits. This was suverseded by vacuun sublimation

and was not used for UO

2+X



ii) Vacuuwm sublimation The aqueous solution
wag evaporatsd to dryness on the heating filament of
the vacuunm sublimation appurtus. Two types of heating

elenents were usecd,

(1) Tungsten s»iral. The vapour psressurc of UO2 is

quite high at 200030(77) being about 7 X 10 2ms,  The

. , 78 g
oxide ecvaporates oongruently<i ) and sc¢ deposition by

sublimation in vacuo was possible.

(2) Tantalum strin. The uss of tantalum would
probably mean that the U02 was reducced and U-233 metal
was deposited§79) However, the smzll amount of metal
involved would rapidly be oxidised in air or in the
subsequent diffusion annesl. This nmethod was chosen
since higher activities could be put down due to the
higher vapour pressure of the uranium metal. Typical
conditions for sublinmations from the tantalun strip werc

10 sec. ot a very bright white heat (~2000°C¢) =nd a
vacuum of about S/u.

J.4e2 Plating U0 i) Vacuum sublimation

2+X
All vacuun sublinmations for the non-stoichiometric UO2+K

were from a molybdenur filement. Piring took wlace at

about B/Mpressure for 30 scc. at about 2000°¢,
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ii) Deposition from an (a4
alcoholic solution of U-2%% perchlorate’ ™

This method requirced that the colution contained ne water
whatsoever so that tic evaporation of the wholce of a film
of the alcoholic solution of the tracer took place simul-—-

tancously to give an even deposit of the traccr. There
was no need to convert the perchlorate to the oxide, as
this would occur very quickly, when beginning the

diffusion annesl.

The preparation of the solution was parallel to

that for thorium perchlorate (scetion 3.4.4)

Sebed The U-23%3 dioxide layer A number of

~ray spectra of dcposited sources have shown the layers
to have about the same spread os a welghtless source
(Fig.13). Any crystallites present must be less tha

about O.%ﬂ high (one channel width).

The thicknoss estinmatced from the amount of active
naterial used, assuming an ¢ven layer, was in all cases

less than O.lfm.

Although the tracer may be deposited as small

crystallites rathcr than a ploane sourceg it is likely,

P
L

in view of the hi_h vapour pressure of UO2 and UO2+X and

. . . . . 81"
tiie Tact that otching takes place at grain boundarlcsg
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that they would rapidly disappear forming a plane scurce
beecause of the relative casc of removing molecules of

U0, from the sharn edges and corners of the crystallites.

3.4.4 ThO, Thc tracer was supnlicd as a solution

of 1 mg. of 12% Th-230/88,Th-2%2 in 1 ml. of nitric acid.

The method of deposition of the tracer layer was
. 1 N, : (£0)
from an alcoholic solution of thorium perchlorate.
The solution was preparcd by adding excess perchioric
acid to the solution of Th-230 in nitric acid and
evaporating to dryness. Ture, dry cthanol was added to
the residue to form a solution of the tracer and kept
woll stoppered tc prevent the uptake of the water from

the atmospherc,

The perchlorate was usually converted to the oxide

by heating to 10007

C in air for o few nminutes before
the diffusion annczl to eunsure that the tracer was not

rubbed off in the subsequent handling of the pellets.

3.5 Diffusion Anneals The experimental assembly

for the diffusion amneals is shown in Pigure 1l4. A
molybdenun furnuce was used, its windings being protected
by cracked anronia. A Pt/lB% Rh-Pt control thermocouple,

well protected with alunina cement, fed a2 Kent controller
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(eventually replaced by a Smith's controller) which
kept the tenperature constant to + 5OC at all temperat-
ures. The ruaction tube was made of reerystallised
alunina with B34 congs araidited to both ends. The
diffusion couple was placed in a crucible at the end of

a long thermocouple sheath whicih coculd be pushed through

[§]

siiding seal made frow rubber pressure tubing. The
control atmospherce entered at one end of the reaction
tube and the exit, to a dibutyl phthalate bubbler, was
at the same cnd as the sliding seal. The temveraturc
was measured with either a Pt/13% Rh/Pt or 5% Rh-Pt/20%

Rh-Pt thermocouvle.

For Th02 diffusion anncals in vacuo, o conventionad

vaecuwn furnuce with a tungsten hneating coil was used.

3.5.1 Stoichiometric UQ, The stoichiometric
urania diffusion couples were meunted cither in an
alumina or a molybdenum crucibleEBZ) At the start of
the diffusion annecl dry argon was passcd through tha
furnace for about half an hour to coxpel any air. Then
whilst the diffusion sample was still in the cold part
of the furnace the atwosphere was changed to high ~urity
hydrogen. The hydrogen was token frou = cylinder (high
purity) and dried by passing through an all-zlass aopar—

atus containing nagnesium perchlorate and silica gel.
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mixturcs were used. A conventional gas-train was used
emnloying ceniilary flow meters. The CC was purified
by passing it over moist KOH pellcts, and both gases

were dried with nicgnesiuwm perchiorate and silica gel.

The dafta used for the oxyygen partial pressure

(8%,84)

in equilibrium with U0 were taken from two sources

2+x
(Pigures 15,16) but there was not total agrecment in

thege meauuremgnto(QB 83-86)

The e.nm.f, data of HMarkin and Bones agreed very
well with the data of Aukrust et al., if the deviation of
the latter workers' results at lower teniperaturcs is
attributed to non-attainment of equilibrium conditions

in the U02+X/CO/CO2 syster which they used.

Diffusion couples were not used for the non-
stoichiometric urznia runs because of the enhanced
sintering characteristics of this Uut€rlul( 0,24)
Instcad, the nellets were placed active facce downwards
in a platinum crucible. The singlc crystsls werc wrapped
in Pt fvil to prevent excessive evaporation of the urania.
Although ctching in the vicinity of the grain boundarics
was obscrved in the hizhly non-gtoichiometric uranie only
2 small deptn of naterial would be leost from tiwe surface
of the grains ond the boundary conditions for the volunc

diffusion wnrocess would probably not be changed very nuch.
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This is supported by the general reproducibility of the
resuits despite the faet that the protection of the
active surface was sometines less good than at other

tizcs,.

5.5.2 Oxysen meter  As a cheek on the CO/CO,
ratio and on hydrogen pick-up in the wmolybdenum furnace

the exit goases were passed to an oxygen meter. The oxyge:u

meter(87—90)(Figure 17) consisted of an yttria-stabilised

zirconia flat-ended tube with two Pt clectrodes, one in
the CO/CO2 mixture, and the other, a refercnce electrode,
in oure O2 at 1 atmosphere nressure. The neter operated
at a tenperature of 1250°K and the e.m.f. was measured
with a potentioumeter or a Vibron elcctrometer. An initial
calibration by passing CO/CO2 mixtures directly from the
flow-meters to the oxygen neter zave e.m.fls to within
sbout 0.3% of the calculated value for = range of flow
rates (167 to 240 ml.min—l) and CO/@O2 ratios (1/1 to 1/36)
One composition, CO/CO2 1/1, was alsc checked by ga

chromatography and found to be correcct.

An egtinmate of the allowable error in the c.m.f

was made so that a good check on the value of x in UO2+X

could be made. For the oxygen meter operating at 1250°K

it is found that sincel L)
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Y
co .
log 2 = )

o T v prm— —

550 = 4.404+4% log p
Peo

-~ j_c« ’j_~ A
and pcoz/pco s fixed,

then,
log p, o = 29,100 (% —1%50) + log p, -@3
2(12507K) 2(1)
(T = tempecroture ofbdiffusion anneal)
o
o n RT 2 (mas)
saa, E = 35 1n D (ﬂﬁ%e 0,)
05 2

50 we have,

E = 62.21 log Py o riv, %;@

2(12507K)

E is measured directly (equation 16) so log P, ()
2T
(equation 15) can be found.

As can be seen in Pigurce 16, a small change in

log Py (or E) cen produce a large change in x. For
2
uo log » ghould bc within 0.1 of the recquired
2.01 05

value, and this corrcsponds to a changs in e.m.f. of

about 6nmv.

3.5¢4 ThO2 diffusion anncals Diffusion anncals
were performed in vacuo, air and CO/CO2 mixturcs to
ascertain the cffect of the oxygen partial pressure on

the cation diffusion coefficient. For the runs in vacuo
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diffusion couples were nade by holding the pellets face
to face, but separated with a wire loop, of either
tungsten or molybdenum wire. The pellets were suspended
inside the tungsten heating coil of a vacuum furnacec.
Runs in air were in the molybdenum furnacc with the cends
of the reaction tube left open., The pellets were con-
tained in an alumina boat with no protection of the
active face. PFor diffusion annecals in 00/002 the pellets

were wrapped in Pt foil.

3.5.5 Comnlicating factors in ThO2 diffusion
ruis

i) Vacuum anneals., When Th02 is heated for a long
time at high temperatures under a high vacuum there is
9 poszibility of reducing Th02 to Th and the pellet
becomes grey as the metal scparates out. This was
observed awfter 4 days at 1800°¢ although a fow hours at
2000°¢ did not produce this cffect ~ probably because a
wigh vacuum had not been established. Any runs in which

the material had becowme black were rcjected.

ii) Many Th02 runs in vacuo were uasuccessful in that
the tracer did not diffusce in,but remained bound at the
surface. To overcome this problem the pellets were very
carefully cleoncd, (section 3.%). The perchlorate layer

was usually fired for 2 few minutes in air to form the
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oxide so that the vellcets could be hendled without the
tracer layer being destroyed by uptake of molsture fron
the air. Por most hydrozen runs the slated pallets were
ket warm 50 that the perchlorate layer did not pick up
moisture and the conversiocn to the oxide teok place in
the furnace, but some were fired to the oxide beforce the

run. Similar results were obtained with both methods.

iii) Anneals in air. Thoria pellets from three
different sources were heated in air at 1000°C inside a
silica tube, and ot 1600°C inside zn alumine tube. ALl
of the pellets becane orange-brown in colour. This
¢ffect was also noticed when ThO2 was heated at 1600°C
in (wet) H, direct from a cylinder. When heated in H,
at 1000°C the nellets reverted to thelr originel white
colour. This suggests that thoris may take up sone ¢rcces
oxygen, either by coxidising impuriticsin the.pellct, or
perhans by forming non-stcichiometric thoria with inter-
stitial oxygen ions acting as donors or vacant cation
sites acting as acceptors with the formation of colour
centres. However, the colour did aot fade after prolonged
exposure to ultra-violct light as misht have expected 1if

coclour centres werce formed.
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Ao ATALYSIS OF RESULLS

o

The solution of the diffusion cquation for
diffusion from an instantaneous source into a senmi-
infinite medium (equation i) can be applied directly to
the case of diffusion into a single crystal. The model
for diffusion into a polycrystal which best fits the
experimental conditions:; is due to Suzucka. Allcwing
for the possibility of a bound surface layer and using
Suzuoka's model t:.ie¢ theoretical concentration profiles
can be compared with the experimental profiles and also

2id interprctation of the tracer distribution.

Since the spectrometer had a finite resolution
and there was a possibility of a bound surface laycr,
ho magnitude of the effcect ITrom these two causes wos

evaluated.

4ol Resolution of the spectrometer The effcct

of instrunmental crror (section 2.6) is small cxcept near
the surface. Ths spread for a standard weigntless scurce
must be determined so that the penetration depth beyond
wiich the effect is swmall can be determined (equation 13),
Typilcal sprecds from a weightless source and plated laoyers

are shown in Figure 13, The spread woo close to a Gaussian

(Figure 12),
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where 2« was about 0.08 microns.,

mx, : R .
x = 4 at about 0.6 to 0.7 nicron (section 2.6)
and so a straight line is expected on a '"log activity®

2 2
versus "x" plot after O.Sﬁ .

4,2 The bound surface layer Some of the

plated laycr may not diffuse in. It nust be assuuca

that the part of the layer which takes part in the
diffusion process deces so from t = 0 onwards, and that
vart which is bound at £t = 0 is still bound at the

end of the diffusion anncal. This assumstion may not

be valid and low diffusion coefficients could result

from the slow relcise of tracer frowm the surface.

However, neasurcucnts in single crystals and »clyerystals
for differcent tizmcs should give the same volume diffusion
cocfficicent, 1f the effect of the hound surface laoycr is

sall,

Pprom Figurc 13 it can be scen that the activity
due to a bound surface layer would be 1/100 times the
peak vaius at O.Sﬁg. So from the height of the peak
at the surface aftcr an anneal tlhie contribution =t
X2 = O.Bf? could be estimated and in all cases was

found to be negligible,
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4.3 Single crystal concentration profile Here

the diffusion process was expected to be by volune
diffusion alone and thce conccntration profile was
expected tc follow equation lfor sufficiently large x
since the effects of instrumental error (equation 14)

were small away froem the surface of the sample.

A bound surfacc layer would give a sharp peak

at the surface like a plated layer.

The general form of the expected profiles is
shown in Figure 18 for Dt = 3 X 10 %m?  Pais is the
smallest 'Dt' value expected, when the instrumental

error has the largest effect.

4.4.1 Polverystal concentrztion profiles If

the diffusion follows Suzuoka's model,then the uscful
rarts of the profile can be predicted. Approximate
values of D for U0, were already known(l-5) (including
the low-valued single-crystal rcsult) so the range of Dt
values were known. The grain size of the pellets was
known and the ratio Db/D was re-calculated from refs, 1
and 60. Pigure 19 shows the error in detcrmining D

] r 1 oo
from the slope of log (activity) versus %2 from O o 3Jﬁ%

(8= 2a (sn-1)/ID%;
2a = g.,b. width = 58;
n = b/{DE;s b = mean linear dimension of the grains.)
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Thus it can be seen that for small errors in D, n should
be large, i.e. b should be large or ¥Dt small; and £
should be large, i.e./Ashould be large or VDt small.

For stoichiometric U02 the grain size was 12/&and

9

the largest expected value of Dt was 5 x 107 cm% giving

n = 9 with ﬁ% = 71. Later runs in non-stoichiometric

Uo s, where the grains had grown to BQu gave a maxinum

2+X
value of Dt of about 10~8 giving n = 30, so the
average error in deternining D from the slope of "log
(activity)" versus nxZn in the range 0 to 3 VDt was
about 5%. Thus, the full 'self-consistent' treatment

(52) for finding D was not essential; but it was

applied in all cases in an attempt to minimise errors.

A theoretical concentration profile (plotted as
"log (concentration)" versus "X2") is shown in PFigure 20
for Dt = 5.0 x 10-90m?; grain size 12/‘and A = 102

The effect of a bound surface layer is also shown.

4.4.2 The self-consistent method for determining D

Suzuoka's self-consistent method requires graphical
nanipulation of the results. A modification of this
method has been made so that most of the manipulation

is arithmetic. The procedure is as follows:
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l. The concentration profile is plotted as "log
(concentration)" versus "x°n and as "log (concentration)"
versus "x6/5" An estimate of D can be obtained from
equation 1 and also fromnm,

2u should be a straight line to

a) "log C" versus "x
2 or 3x yDt, and,
b) "log C" versus "x6/5" should be a straight line beyond

5 or 6x VDt. These three cstimates should be compatible.

2. The gradient of "log C" versus "x6/5" gives X
= -"dlog C/E)(X6/5)) and using the estimated value of

D the parameterf?oan be found from,

It

6.567 — 1.644 logl - log JDt <5
po= 5x107° (a-1)/ VD -©

0.973 log (& -1)

(A‘—: Db/D)

3. Since the grain-boundary acts as a sink near the
surface its contribution to the concentration profile is
negative; so there is a decpth where the contribution is

zero (Pigure 20). This point on the concentration

profile c s 1s due to volume diffusion alone. Figure
o x
: . . . _ o . o
21 is a plot of vc¢susﬁ,(70 7 1S the position
where 35 = 0) Values of Eg (the grain-boundary

contribution) for various/3andq are available up to

/3 = 30<?2) and these tables have been extended to

ﬁ

I

200 using the Imperial College computer (appendix 1),
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At a depth of 6 VDt the presence of the tracer is
due to grain-boundary diffusion alomne. For varicus values
of/3 1e count at this dcpth, 62 , can be rclated to the
grain-boundary contribution at a depth of 0.707/1(0.?/?)
This contribution is usually negative and Pigure 22 shows
Eo.ﬁﬁ?/%v‘=6 vbrsusfifor various values of J/Dt. Inter-
mediate values can be obtained with sufficicent accuracy
by interpolation.

So GO 5A2 is found,

1, and if this is
added to the experimental oount at 0. %p

xp’ another
point on the volume diffusion »nrofile is obtained
5.

D is obtained from,

( 2 _ ~8 k.

IR Chaes e RN FE S
g exn 0.5 T

(t = time of diffusion anncal)

This valuc of D should agree with the starting
alue of D if the

correcet value was chosen in 1; if not,
then another sturting value must be chosen and the
srocedure reveated. If a plot of
"D final" is nade

"D initial"
iz, then a
be mad

versus
riaae

socd estimate of D can usually
after two trials from the intercept on the
Dinitial =

c line
Dfinal“
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5. RESULTS

In this scction typical results will be analysed
in terms of the models referred to in section 4. Full
figures for each diffusion run in uOQ, U02+x and ThO2
are given in the appendix.

5.1 Stoichiometric UO (Yable 2). Figure 23

2
shows the concentration profile of the U-233 tracer after

an snneal for 3 days at 1720°¢,

There appears to be a bound surface layer when
the profile is drawn as "log (concentration)" versus
nxln (Figure 24). The gradient must be drmwn away from
the effects of this surface layer, i.e. beyond O.%ﬁ?

(section 4.2).

A slight 'tail' is also apparent in PFigure 24
although the sample is a single crystal. The activity
was very low in this part of the profile and the effect
could be a spurious one due to poor counting statistics;
or it could be penetration down cracks in the single
crystal which, although few in number, were visible on
the surface of the sample. These probably resulted from

mechanical and thermal shock.
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1 1620°C 5904 x 10° seconds
2 1720°C 2592 x 10° =
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FIG.24 Log C vs. x2 FOR_STOICHIOMETRIC UO, SINGLE CRYSTALS
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The line beyond X2 = O.?ﬂ? was taken to

represent the volume diffusion process.

As a check on the bound surface layer the volune
diffusion part of the curve was subtracted from the
experinental profile to give a spread which was slightly

broader than a weightless source (Figure 25). This
could be due to the finite thickness of the bound layer
(about 0.1).

5.1,2 005, .single crystal results (Table 3)
Good straight lines were obtained for most specimens on

2 plot. TFigure 26 shows several

aog C" versus'™
typical results. The bound surface layer was much less
in evidence in the non-stoichiometric work. This is to
be expected because of the higher diffusion coefficients

and the higher vapour »pressure over U02+X allowing

eagsier transfer of the tracer across voids.

562 Polycrystal Results Before the concen-

tration profiles can be plotted the counts in the lower
channels must be corrected to a constant channel width
(section 2,.3.3). To reduce calculations the concentration
profile was averaged on an 'activity' versus 'channel
number' plot (appendix 4) and the count every five

channels was corrected and reduced by the background
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count to give the tracer concentration. These values

were used for the 'log €' versus 'X6/5' vlot.
o iind

No smoothing of the profile was performed before
2 e
the 'log C' versus 'x™' »lots were made and individual

counts were corrected as necessary.

b.2.1 Polycrystalline stoichiometric UO2 results

(Table 2) The smallest value of Dt was obtained in the

run at 1477°C for 6.912 x 10° sec. Using the method

outlined in section 4.4.2 o value ¢cf D = 9 x 10_1b was

assumed., A second triel with D = 1.3 x 10—150m?secfl

15 The intercept on the line

150m?sectl

D D was at D = 1.15 x 10~

initial final
Using this value Dfinal was calculated to be

2 1

1.16 x 10" 1%cnsecT So D was found. Pigure

1477°C
27 shows the concentration profile plotted as "log CV
Versus "XQ",with the volume and grain-boundary contrib-

utions shown.

The biggest value of Dt was for the run 1600°¢

for 2.25 x 1O6secs. Here the 'self-consistent' analysis

agrced very well with the value of D calculated from the
first part (but beyond O.Bﬁ?) of the "log C" versus i

plot (section 4.4.1) (Pigure 28).
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For most of the "log C" versus "Xg" plots a
straight line secticn was not apparent near the surface.
The best line that could be drawn was a tangent at O.%f?
but this could only give the upper limit for D. Using a
higher amplification, a channel width of about 0.0é/~was
employed to determine the concentration profile more
precisely near the surface. This helped in some cascs,
but it was decided that the 'self-consistent' method

would give more reliable results.

5.2.2 Polyerystalline UO2 . g Lesults (Table 3).

The 'self-consistent' analysis was applied in the deter-
mination of the diffusion coefficients. In most cases
the results agreed with the value of D from the first
straight line section of "log C" versus "X%" Differecnces
were obscrved with low and high values of Dt. The latter
can be accounted for by a large grain-boundary
contribution strongly depleting the surface regions and
markedly affecting a shallow volunme diffusion gradient.
In sevecral samples the concentration normally increasing
towards the surface, actualily started to decrease before
reaching the surface, showing large depletion of the
surface layers by the grain boundaries. Several profiles

are shown in Figure 29.



Arbitrary scale

Log (ACTIVITY )

1450°C 2-71x 10°sec.
)05 1400°C 3:61x10° » .
3 vo,, 1400°C 1-175x10° »

4 U0y 5 1450°C 2-88x104 »

5 Worst polycrystalline concentration profile

1 U0

2 Uo

- U0,, 1550°C 3-4x104 -
| | 1 | ! l L
0o 1 2 3 4 5 6 7
x2(micron? )

EIG.29 Log(Concentration) vs. x2 FOR _SEVERAL POLYCRYSTALLINE
”_NON jSTOICHIQMETRIC_Z UOs _DIFFUSION SAMPLES
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5.2.3 Ih in UO, results (rable 4). The
analysis of the concentration profiles of TthO diffused
into U02.0’>U02.Ol and Uog.l followed exactly the same
lines as U292 in urania. (Sections 5.2.1 and 5.2,2).

5.2.4 Folycrystalline ThQ, results (Table 5)

2
All graphs of "log C" versus "X2” for Th diffusion in

ThO2 were straight lines except for the effect of a
bound surface layer. The profiles could be explained
satisfactorily in terms of volume diffusion alone. The
grain size¢ was much larger than in UO2 so grain-boundary
effects were expected to be nmuch smaller. Some results

arc shown in Figure 30.
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Log(activity)
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e
TABLE 2 y‘Bj diffusiocn in stoichiometric UQ2

Maoterial Plating Temperaturc Time D X1615 ;leoﬁ
Method C sec. cricsec

P(1) a 1477 6.912x10° 1.2 (0.2) 4.9

3 b 1490 2,25 x10° 1.4 (0.1) 5.02

1.38(0.07) 5.1

P(H) 2 1547 6.912x10° 2.45(0.2)  4.76
S c 1584 8.691x10° 2.86(0,3) -
P(il) o 1600 4.32x 10° 4.2 (0.5) 4.8
P c 1600 2.25 x10° 3.30(0.1) 5.21

2.15(0.15) 5.23
s a 1620 5.904x10° 7.5 (1.0) =
P(1) a 1650 5.184x10° 4.8250.3)  4.96
S b 1720 2.592x10° 13. 0 (3)

182 (4) -

P Polycrystal
S Single crystal
(M) Results mirked. (M) were diffusion amneals performed

by McNamarsa, ™' but analyscd here using the self-con-
sistent method,

a Vacuuiz sublimation from a tungsten filament
b " " " " tantalunm filament
C Tetraethyleneglycol siecthod

d Perchlorate method

Numbers in brackets arc errors ecstimated from the slope
2 .
of "log C" vs, "x"" or from self-consistent method.



Zable 3
U233 airfusion in UQ,,
Composition Material Tenp. Tine l%xlo%i
0/U ratio e} sec, cnsec.
2,001 8 1400 £4.248%10° 4.9(3)
S 1400 1.217x10° 4.2(9.7)
P t " 3.0(0.15)
2,01 5 " 3,465%x10°  6.0(1.1)
(2.1 to 2.01) s " i 6.1(1.5)
P " 4.295%10° 1) 5 (3)
2) 7 (3)
P n7.9%31x10° 1) 5 (3)
2) 4(15)
P " 1,1396x10° 4.3(1)
S 1850 2.709x10° 14.5(3)
P(4a) L " 13.5(1.1)
S 1550 1.626x10° 32 (6)
P " 4 43 (7)
S 1650  1.89x10%  180(50)
P " " 265(10)
S " 5.16x10%  91.5(5)
P " " 260(15)
2.03 P 1500  1.048x10° 1)55(2)
2)56(5)
P 1600  1.74x10%  1)200(10)
2)250(50)
2.05 ¥ 1400 1.48x10°  1)24(5)
2)25(5)
P n 3.51x10°  1)10(2)
- 2)10(2)
2.1 S X 1,80x10° 15(2)
S " 1.817x10°  13(2)
P " 2,012x10° 1)22(1)

~104-

2)20(1)
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Material Temp

Q/U ratio

2.1

2.12

Symbols.

Wb 2 ta W K oW

W o o om

s(a)

W dWdowm kom

sec.
5.617}(105
5.812x10°
3.829x10°
2.79x10%
9.18x10%

n

1.026x10°7

1.80x10%

3, 42%x10%

i

4.74x10°

it

9.33x10%
11

9.84x10"

3, 45%107

1"

5.28x10"
n

9.12x10%

2.88x107

1"

See footnote to table 2.

QVX1015

1oglo&

pmgsecti
14.5(2)
22.5(2)
25(2)
160(40)
170(50)
110(10)
1)110(10)
2)110(10)
190(20)
190(20)
181(20)
190(40)
1640(150)
1400(200)

55(2)
35(5)
70(7)
240( 30)
180(20)
85(20)
170(40)
210(35)
354(23)
300(%0)
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Tabla 4
1290 §iffusion in Urania
Com.0/y  HMaterisl femp. — [ifie ‘ Qviiolf log; oA
ratio L 8&C: onosec
stoic P 1620 5.904x10°  4.7(0.1) 5.1
2.01 S 1600 5.574x%10° 118(5) -
2.1 P 1620 5.7x10°  1)40(1) 4,69
2)40(6) 4.78
Table 5
TthO diffusion in T1102
Atmosphere Temperature Time QV;1015
°¢ sec. en’sec™t
air 1584 4.071%10°  16.4(5)
H, 1625 2.349%x10°  22.6(2)
H, 1640 2.214x10°  20.2(2)
00/CO,, 1640 4.383x10°  15,2(2)
air 1650 2.49x10° 1) 29(5)
2)40.7(5)
H, 1660 8.94x10% 20.8(3)
1, 1670 1.548%x10°  1)31.4(1)
2) 30(5)
i,y 1720 9,4%2x10% 59(5)
vac 1825 6.18x10" 98(8)
vie 2069 1.398x10%  1)400(40)
2)380(40)
vac 1890 3.,282x10" 134(35)
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Table 6
Decrease in Surface Activity Results in QQ2+X
Composition Material Tenp. Time lb,S.A.de4
¢ sec. cmlsec L
2.001 S 1400  4.248%10° 6.15
P " " 7.30
2.01 S n 3.465x10° 20
(2.1t02.01) s " n 40
S 1550  1.626%10° 36.7
P " " 27.5
S 1650  5.16 x10” 260
s " 1.89x10% 223
P 1 " 468
2.05 P 1400 1.98x 10°  1)142
2) 59
P " 3.15x 10° 1) 46
2)500
ditto different range 1) 65
2)700
1400 6.932x10° 51
2.1 S n 1.80 x10° 120
P " 2.830x10%  1)812
2)524
P " 1.1748x10°  1)245
| 2)227
s 1477 9.18 x10~ 300
S n 2.79 =107 630
P n 1.026x10°  1)135
2)155
s 1550  3.42 x10% 545
S n 1.80 x10% 713
P 1 " 4860
S 1650 7.2 x10° 47000
S n 4,74 x10° 1870
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5.3.1 Qo and the activation encrgy  Least mean
squares analyses of the results give the following
equations for volume diffusion. (Pigs.31-36).

U in U0, 1477 - 1720°C
D, , = 6.06x 107 exp(~70,000/RT) )
log D, = -6.22:#0.9. Q = 7048 kecal
. o}
U in U0, ,; 1400 - 1650%
D, 7 = 2.04x 1077 exp(-88,900/RT) ~£0)
log D, = -2.6940.66. Q = 89+2 kecal
U in UOQ,OB
Dy 05 = 2479 x 1072 exp(-94,900/RT) £7)
log D, = ~1.55+0.1 Q = 95+3.5 kecal
U in U0, 1400 - 1650°0
D, 7 = 1.09 exp(-105,000/RT) -22
log D, = 0.03640.9 Q = 105+ 7 keal
U in U0, ;5 1350 - 1450°¢
D, 15 6.79 x 107° exp(-80,900/RT) £
log D = =2.17+1.7 Q = B8l+1l3 kecal
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Th in ThO, 1600 - 2100°¢

D = 1.25 x 107/ exp(-58,800/RT)  -24
log D, = =6.9040.3 Q = 5943 keal

5.3.2 Grain-boundary diffusion Figure 31 shows

"log D," versus "1/T% for stoichiometric UO,. The

activation energy is about the same as that for volune

diffusion.
The ratio A\ = Db/D is shown in tables 4 and 5.
Gencrally 4 = 10° for U0, and UO,, . No good estimate

of the activation energy for grain-boundary diffusion

could be made for UO as the results were not very

2+X
reproducible.

5.4 Dependence of D on py_and x Figure 37

shows "log D" versus "x" (in U02+X) at 1400°C. A very
small departure from the stoichiometric conposition
produces a large change in the cation diffusion co-
efficient. When plotted as "log D" versus "log x' the
relationship was found tc be, (Figure 38) (0/U = 2.001
to 2.1),

= 0.434 log x - 13.31 25

1400°¢ >
(0.4%4+0.056; 13.31+0.1)

log D

When plotted as "log D" versus "log p, " (Pigure 39)
2
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(0/U = 2,001 to 2.1)

198 D1400°% = 0.184 log p - 12.78 <29
, ¢

(0.184+0.021; 12.78+0.14)

5.5 D.S.A. Results  Decrease in surface activity
measurements were wade for a range of compositions,
temperatures and times in U02+X. The results are shown
in Table 6. A large scatter was observed in these
measurenents and a discussion of the value of these

results will be found in secticn 5.8.

5.6 Discussion of results and errors In the

following sections the value of the results will be
discussed. All three nmaterials, UOZ’ UO2+X and Th02
will be discussed together, and spccial cases will be

referred to as necessary.

5.6.1  Composition 0f U0, _and U0, (Section 3.5.2)

Even under an atumosphere of pure, dried H2 "x" will have
a finite value, but only the upper limit is known.
(seection 3.5.1). This value of x will probably change
with temperature since the cquilibrium partial pressures
over UO2+X for very small values of x are not known and

no attenmpt could be made to keep the composition constant.



Assuming that the alumina reaction tube does not admit
more oxygen at the nigher tenperatures (it is jacketed
with forming gas) then the HZ/HZQ ratio neasured with
the oxygen meter ot 1250°K can be used to estimate Do

2
at the temperatures cof the diffusion anneals,

Bstimated D, in_Hzmatmogphere

2

Temverature -log EOQ

977°¢C -19.95
1400°¢ ~14.64
1500°¢ ~13.77
1600°¢ ~12.96
1650°¢ -12.58
1700°%¢ -12.24

If it assumec that the relationship between "log
D, " and "log x" 1s the saume up to 1700°C as it is from
2 )
1100°¢  to 1400°C (as given by fukrust et al) then the

approximate value of x can be found over the range of

18 and tewperatures used for the stoichiometric runs.
2
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Table 8
Estimate of x in UO2+X in H, atuosphere
Tewperature lcg x X
1400°¢ -5.21  6.2x107°
1500°¢ ~4.95  1.1x107°
1600°¢ ~4.79  1.6x107°
- o) -5

The values of x in Table 8 are only approximate and
indicate that the value of x could change by a factor
of about 3 in the stoichiometric experiments. Roughly,
using equation 25, a change of 0.% in log x (1500°C to
1700%) would correspond to an error of O0.12 in log D

at 1700°C compared to log This would lower

D1500%¢*
the activation energy calculated by about 7%. This

would mean that hoth U and 0 have the same activation

energies for diffusion in stoichiometric UO2.

The composition is fixed for the non-stoichiometric
cxXperiuments and the error in log x fronm 1400°¢ to 1650°¢

is not nmnore than 0.15 for UQ and about 0.02 for

2.041

uo (section 3.5.2). These give changes in activation

2.1

energies which are within the experimental error.
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Thoria diffusion anneals were carried out under
. - 0
a wide range of oxygen potentials at 1600 and 1650°C.
No significant change in the cation diffusion coefficient

was obscrved when amnealed in H., 00/602 or air.
o

5.6.2 Vaporization of the tracer The cxperi-
nental assembly for the U02+X diffusion anneals was such
that the activce faces were quite well protected. It was
found that the results were just as reproducible as those
for the diffusion couples used for stoichiometric UO2.
In one experiment with two single crystals one pellet
was well protected and the other not at ali. Both gave
the same value for D from a "log C" versus "o vlot
(the D.S.A. measurement gave two D's differing by a

factor of 2).

The evaporation will be from the surface layer alone
In the first few scconds of the difrfusion anneal a
concentration profile is established beyond the surface
and this portion of the tracer can continue to difruse
in with, it is assumed, little influence fromn evaporation
except that the amount of tracer coming from the surface

will be slightly less.
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5.6.3 The calculation of D The agreement between

single crystal measurements and the volume diffusion
coefficient calculated from the polycrystalline
concentration profiles was, in general, very good.
The single crystal profiles and the large grain Th02
polycrystals were expected to foliow equation 1 and
the fit was very good except for cases in which there

was a bound surface layer.

According to the Sumockanodel the first part of
the profile for polycrystalline sanples should be
mainly volume diffusion. As stated above, these
results accorded well with single crystal results and
the first part of the profile on a "log C" versus ”X2”
plot showed an extending straight line scction near
the surface as the time of the anneal increascd

(Pigure 40).

Thus it is reasonable to supwose that these
results do indesd represent the volume diffusion

nprocess 1in urania.

5.6.4 Competibility of the diffusion measurcnents

bince it was possible that diffusion in nominally
stoichiometric UO2 was governed by the prevalling
oxygen partial pressure it was thought expedient to
see how the results fitted on "log D" versus "log p02"

plots.
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The value of D for stolchiometric UO2 was not

used in deriving equation 26. However, using valucs
from table 7 for p02 in the stoichiometric runs
indicated that, at 14OOOCi the stoichiometric result
fell exactly on the extrapolation of the "log D" versus
"log p02" line (point 4 figure 39) Similarly, within
the experimental error, the plot of "log DY versus

"log 1238 " was a straight line up to 165000 for

x = 0.00003 to x = 0.1 (Figurec 41). The values
for D2.09 D2.03’ D2.01 and ])2.1 werc taken from

equations 19 tc 22 giving a f£it of the straight line
equally good from 1400°C to 1650°C. The fit of the
line at 1400°C was not as good as when the full results

at this temperature were used.

D2.15 does not fit on any straight line through
the results for x <{0.1l. It should be noted that
"log o8 " versus "log x" turns up quite sharply after
UOZ.l probably arising from changes in the U02+X

lattice which may, in turn, affect D.

5.7 Grain-boundary diffusion Grain-boundary

diffusion was investigated using Suzoaka's nodel. An
analysis using Fisher's model to obtain Db for
(57)

stolchiometric UO2 has been published for this work,

but in view of the limitations of the model these results
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may have large errors; but they give order of magnitude

measurements.

5.7.1 Stoichiometric UO In scction 5.3,2

2
values of Db were given which werc obtained from 4O

and D found by the self-consistent method. The results
show 2 considerable scatter and the reasons for this

will be discussed in section 5.7.4.

5.7.2 UC, . grain-boundary diffusion £\ showed

considerable variation and the calculated Db’s were too
scattered to obtain a uscful equation for grain-boundary

diffusion.

5.7.3 Grain-boundary diffusion in Th02 The grain

size in thoria polycrystals was ten times that of the
U02 samples conscquently the grain-boundary contribution
to the diffusion profile would be ten times less if £\
were the same as in UOQ. This would explain why no

gcrain-boundasry diffusion was detected in Tho2.

5.7.4 Variation of 7Y  Suzuokals model makecs

several assunptions;
l. The grain-boundaries are slabs perpendicular to
the freec surface. (This is probably true very close to

the surface, but farther in this condition will not
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hold and diffusion away from the grain-boundaries will
not be parartlcl to the surfacc. The overall effect, as
shown by Suzuoka using Fisher's model, will be small

nrovided the angle between the grain-boundaries and the

surface does not become tco large.

2., Diffusion takes »nlace only within the monolayer
of grains at the surface (Por the values of YDt used in

this work this condition holds).

3. Every grain boundary has an equivalent and
isotropic diffusivity. (This is probably incorrect(52)
and is the most likely causc for the variation in A
determined from diffusion anneals at the same temperature
The materials used were sintered pellets and the porosity
and impurities in the grain boundaries could vary. The
tracer could easily be transported across the grain-
boundary void by an evaporation-condensation process in
UOZ’ but it 1s difficult to assess whether or not this
process would be faster than ordinary grain-boundary

diffusion).

From consideration of condition 3 it is likely that
£ will vary. Por an activation energy of half of that
for volume diffusion 4\ should change from 10° at 1400°C

to about 104'2 at 17OOOC for U0 This is well within

2.1°
the experimental scatter for A . The sets of values for
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2.0, 2.01 and 2.1 do show a tendency to decrease towards
higher temperatures indicating that the activation energy
for grain-boundaries diffusion may be less than that for

volume diffusion,

However, no firm conclusions can be formed, except
-
that cation grain-boundary diffusion is about 107 x D
in U0 and U0

2.0 2+X

Impurities were sought in the grain-boundaries
with an elcctron-probe microanalyser. No impurities
were detected indicating that the concentration of
impurities in the grain boundaries was less than 100 -

200 ppn.

5.8 Decrease in Surface Activity resulits in U02+X

These were expected to be high even in single crystals

becausc of the high evaporation losses in U02+x' When
the surface layer has a high concentration of tracer
l.¢. in the first few seconds of the experiment evanor-

ation losses will have a large effect.

No use can be made of the D.S.A. results because
of the large inherent errors in applying this nethod
to UOZ' Although results in polycrystalline samples
can be obtained that appear to be self-consistent,

different workers have produced results which differ by

more than the experimental crror in any set.
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GENERAL DISCUSSION
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6. GENERAL DISCUSSION

Having established (section 5) that the measure-—
ments of U self-diffusion in U0,, U0, and Th in ThO,
were meaningful, other workers results were examined in

the 1light of the prescnt work.

A model for U sgclf-diffusion in U02+X(43) was
tested together with other possible models and 1t was
found that a composite mechanism could explain eXxperi~-

mental observations quite well.

Other work on cation diffusion in U02 solid-
solutions, and other fluorite-type lattices was
investigated in an attenpt to obtain information on the
diffusion process. Some results were available for
cation diffusion in oxides showing a range of stoichion-
etry but none of these cases was close to the conditions
cbtaining in U02+X. Finally, a survey of oxides exhib-
iting enhanced cation grain-boundary diffusion showed
that this phenomenon was not rare and has been obscrved

in urania by four different workers.
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PN Other work on U gelf-diffusion in U02

6.1.1 Decrease in Surface Activity results This

work has been discussed in section 1.4.1. All three
sets of measurements were made in material close to
stoichiometry and provided that impurity effects were
negligible, the difference in the results could be
ascribed to grain-boundary diffusion. When grain-
boundary diffusion is present the range chosen for
the D.S.A. measurements is important. This is shown

_(58)

in a paper by Schrmitz and Lindnc where the value
of D changes by a factor of 2 by considering the

integral activity at different depths. There is no
reason why the valuc obtained for D should not vary

from very closc¢ to the true value, DV9 to perhaps 100

tines Dv’ depending on the profile in the polycrystal.

It is interesting to note that if the activation
energy for grain-boundary diffusion is less than that
for volume diffusion then the D.S.A. values of D
should lead to a lower activation encrgy for the process
than would be obtained with correct values of Dv’
However, the vapour pressure of UO2 rises rapidly with
temperature and evaporation losses will consequently
be higher at higher temperatures, leading to high
values of D. This would increase the apparent

activation energy. So 1t seems likely that the
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evaporation of the tracer is playing an iwmportant part

in producing a higher activation energy,whercas the grain
boundary contribution just gives a general increase in

D. An estimate of the activation energy for grain-
boundary diffusion has been made using Fisher's and
Suzuoka's models; both indicate that Q b = QV so that

bo
the proportion of grain boundary diffusion should not

be very much different at different temperatures.

(2) .

In thea paper by Auskern and Belle a diagrammatic
represcentation of the annealing furnace shows that the
H2 used to maintain stoichiometry was first passed
through the alumina insulation of themolybdenum furnace.
Furthermore, the preparation of the U02 petlets involves

the use of tank hydrogen at 175000 but mentions no
purification process. Thus, the UO2 is almost certain
to be non-stoichiometric - probably becoming mcre so at
higher teupcratures (when nore water 1is released fron
the alumina) when the H2/H20 ratio should really be

increased to nmaintain a given stoichionetry.

Many sanmplcs, both stclichiometric and non-stoichio-
netric, were analysed by D.S.a. and ex-ray spectrometry
and produced different results for the two methods.
Thus, the difference in umcasured D's by the two methods
is not in compgositional variation. In section 6.1.1 the

main reason for the higher activation energy was
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presumed to be loss of tracer by evaporation. In the
present work the presence of a bound surface layer was
observed for nost of the stoichiometric specimens.
Assuming that the tracer which takes part in the
diffusion prociss does so from t = O onwards, and that
which is bound at t = 0 does not subsequently becone
released into the specimen, then the actual concentration
profile is not expccted to be affected very much by
evaporation at the surface (provided x = 0 docs not
change riuch) whereas the total activity will be strongly
affected by vaporisation of the high activity bound

layer.

6.1.2 D by sectioning Nagels et algg) used

mnaterial which was described as 'nearly stoichionetric!
single crystals. The as-grown composition was reported
to be UOZ.OOB to UOQ.OO? but it was then reduced and the
diffusion anneals were performed in a U02 crucible in

2 vacuun furnace at 10—5mm.Hg. The results of three
experinents at 1300, 1450 and 1465°C were close to the
line of Auskern and Belle (D = 4.3 x 1075 exp(-88000/R1)
Their value for D ot 1400°C would be 1.3 x 107 %ensec™t
and using the graph of "log D" versus "log x" (Figure 38)

this would corresnvond to a composition of U02.00015

i.e. nearly stoichiometric). Moreover, since their
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results were slightly below those of Auskern and Belle
the activation energy would be less than 88 kcal. In
the present work for U02+X the activation energy rises
from 70 kcal at x = 0 to 88.9 kcal at x= 0.01.

Thus, these results could be explained if the naterial

is assume® to be slightly non-stoichicmetric.

Yajima otual(gg) have also uscd a sectioning
method. Part of the preparation of the pellets was a
2 hr. sinter at 2,300°C in 7 to 8 atm. of argon.
They state that very few uranium metal inclusions were
visible and almost all were concentrated near the
surface. These were removed prior to the diffusion
treatiment by grinding. This means that the pellets
were probably sub-stouichiometric since the ratc of
oxygen diffusion is very high at 2,30000 and the evid-
cnce of a gross depletion near the surface means that
there would certainly be 2 depletion of oxygen from very
much farther in although not detcectable by wicroscopic
exanination or X -~ray diffraction (which they used to
check stoichiometry). So these results are of doubtful
value since the stoichiowetry i1s not known. Enhanced
diffusion in sub-stoichiometric urania is indicated.
As in the present work, the very small pre—exponential
factor may indicate an extrinsic control of the diffusion

process.
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6.1.3 Alpha-ray Spectrometry The diffusion

anneal performed by Marin and Michaud<63) was at 1700°¢

with an argon atmosphere purified by Mg in the presence

—l6cm?sec_%

18

of ¢ and Ta. The results of D = 5 x 10
would fit with the present work if p02 was about 107
at 1700°C. This does seemn unlikely unless the apparatus
were completely leak free or the gettering action were

very efficient.

Schmitz(BS) claims that his o~ray spectrometry
results agree with the DS.A. measurenents. McNamara(l)
showed that the concentration profile probably consisted
of a volume diffusion region and a grain boundary
diffusion region. (Sece wection 1.5.3); although
agreenment with D.S.A. results could be obtained if the
first steep part of the concentration profile were
ignored. Concentration profiles determined by Schmitz
all show a very pronounced steepening near to the
surface, which is attributed to the finite resolution
of the spectrometer. Using data published in ref.58 the

239

spread from the top of the peak of a plated Pu source
to the end of the low energy tail was about 0.34 microns
(O.ll%r2) and J2 ¢ is about O‘l%ﬂ(see section on
instrumental error). Thus, theAspread from a bound

surface layer finishes at about O.l%ﬁ2 and lirge effects

from the Gaussian spread extend only to Ok@ﬁ.(053§f?)
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1500°C FOR 5-76 x 104 seconds
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(Appendix 3). Clearly in Figure 42, for Puc”? diffusion
in UO2 at 1500°¢ for 5.76 x lO4 sec., the section betweech
x2 = 0.4 2 and x2 = 2.5 2 nust be accounted for in
terns of some diffusion process since the spread fronm

the surface and instrumental effects cannot extend as

far as this.

Schmitz's analysis of samples using the o~ray
spectromneter was such that it amounted to a series of
D.S.4A. measurenents. In ref.58 figures are given for
the integral activity and an integrated form of equation
1l is used,

Q_ erfe (%X/(TTDty%) 4@@

X 0

O
I

Qe = activity beyond depth x

This equation is probably wrong since integrating 1 gives

) i
\%gcxdx = ¢, erf(sx/(Dt)"))
1 .
and Q, = ¢ erfe($ x/ Dt)75) 28

i.e. thers is no's in 28.

Equation 28 would only be valid for volume diffusion
from an instantansous source. This means that "log C"
versus "X2" should be a straight line. The concentration
profile was plotted frown their results by taking the

difference in the integral activity every five channels.
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Pigure 42 shows that "log C" versus "X2" is not a straight
line so equation 27 cannot hold. A furthe examination

of Pigure 42 shows that the plot is of the same general
form as those for polycrystalline natcrial in the

present work, and in that of MclNamara. The shape of

the curve can be satisfactorily explained in terms of

a volume diffusion part and a grain boundary diffusion

part.

6.2 Theories for cation diffusion in U0
amimwz

2+X

6.2,1 Lidiard's Model By relating the defect

concentrations on the anion and cation sub-lattices via
Prenkel and Schottky products, Lidiard(43) has produced
equations describing U sc¢lf -diffusion in UOZ' The
assumptions in the theory are: that the Frenkel and
Schottky products, FB Eu and S are independent of
conposition; and that the ncchanism of diffusion in

UO2+X ig via vacancics on the f.c.c. U sub-~lattice.

Denoting the 1ole fractions of interstitials and
vacancies as 09 Uy Ouy Uy the Frenkel and Schottky

products were,

wd, = B0 0jo, = B D)5 we S = S(1).
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and the equation of electroneutrality was given as

2u, + 0y = O+ 7y +2uy 29

y = defeccts introduccd by non-stoichiometry or impurities
Assuning U, and Uy to be sumall compared to 04 and 0y

equation 29 bccones,

(o) = o, + ¥ 4‘39

Now y = defccets introduced by impurities or excess
oxygen (other than 0y ov). In non-stoichionetric
urania these defects will be electron holes probably
uo*

present as

so o, = o+ 1 « (number of holes)

Since the number of holes is 2x the equation becones,

If z were the wole fraction of a trivalent cation im-
purity then y = ~%z; divalent, y = =-z; monovalent
y = =1%z. Lidiard's final equations would be slightly
nodified by some numerical factor whenever X appears.

The final equations are,

Oi = X
_ 2, 2
4y = 5% /Fo 433
o, = F_/x
Comom 20,2
u; = PF, /5%
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(for T <1700°C and x y10~H

and in pure, stoichiometric U02,

o _ 0 _ )
0; = 0o = FO
O ;/ e,
u, = S/F o —122*
o _
u;° = P F /S

The randon walk treotient of the atomistics of the

diffusion process gives,

D = %iP A ° 433

ol = the Jjump distance;
f’ = number of Jjumps per second of the dcfect
For the movement of an atom by a vacancy umeechanism in

the f.c.c. lattice,

L = a//2
and, [ = 12w_vN_V
(12 = nunmber of ncarcst neighbours; NV = the prob-
ability that a near nelghbour site is enmpty; and g

= the probability that the atom will junp into that

particular site).

Giving D = a, Lova

This diffusion c¢oefficient is not exactly right since
for a tracer atom the most likely move after a Jjump 1is

right back into the vacant site it has just formed, and
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so cancelling out the previous jump. Thus a correlation

factor(43’93)must be introduced giving,

_ a2 EA
Dy = T ag wiy 35
Por the f.c.c. lattice,
f = 0.7815
wo = voexp (- :“_xGm/RT)
: _ 8 .2 _ /2 A -
N, = =, x° = x ‘GXP(“"GS ZzﬁGF ).
F 0
0
Y 1is normally taken as the Debye frequency;
zle = frec cncrgy of movement of the vacancy.
So equation 34 becoumcs, for x>0,
" A8+ A8, - 248,
D = f ag v x° oxp( w—— ; PO).
~8H - AH_ + 2A2H
exp( At ) -9

(Lidiard's cquation had a factor 1/12 in it. This would

apply to a tracer (impurity) with associated vacancy).

For interstitial diffusion the number of sites into
which an interstitial can move is consftant and indcpendent

of the number of intcrstitial atoms, here

o = ao/\) 2

rq = 8\3]-_.1.
(The number of nearest neighbour sites = 8 in the
f.c.c. lattice; the probabiliity that it is empty = 1

in dilute solutiong aﬂdioi = probability that the
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intersitial will jump).

In this casc the correlation factor is unity since
all sites are eguivalent after the nove.

Substituting forwand | in 33 gives, for the tracer,
D = % auw.N ~36)
° Yo TiTi >

(Ni, since the average occupancy of an interstitial

site by a tracer is Ni).

For an interstitialcy mechaniem the jumps are correlated.
The nunerical foactos in this equation for D will depend

on the exact mechanism. PFor UO conparing equation

2+X
35 with the empirical equation D = D_ exp(Fd) shows

that "log Do" versus "log x" should have a slope of 2.
Pigure 43 shows that the slope is close to this, being

2,20 + 0.3.

A further test of the theory would be to estinmate

4 . . - .
DO(‘B) since the very small experimental value ig
significant in indicating that the cation diffusion may

be extrinsic.

0.7815 x 10 Cem,

]

Taking f

Y = 5x 1013860—19
x = €.,01,
_ . _ -5 . 2. -1
and exp (£ AS8/R) = 1, gives D, = 10 “cmTsec’
(experimentally, D. = 2 x 1077). The discrepancy

o
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can be allowed for in the error of v and exp (£A48/R).
Agreement would be given if AS + A8, - 248, = 5R.

This value is not unrcasonable.

As far as the prc-exponential term 1s concerned the
agreeuicnt with theory is quite #ec¢d. FEquation 35 shows
that the activation heat 1s a composite quantity being

equal to é\Hm + AHS - 2AHFO How ﬁHS and AHF have
0

not been calculated for UO2 although an estimate of the

mognitude of thesc heats can be obtalned from work by

(92)

Franklin on OaF2, SrF2 and BaF2. His values for

cal, werc, ZRHF = 62.25 kecal.(which is in very good
0
agrecucent with the experimental value, 65 koalQB)), and
LSHS = 117.5 kcal. An cstinate ofAHF in urania can
o)

be obtained from oxygen self-diffusion measurements(43’72)

Here, A&HF = 71 kcal. This value is only approxinmate
0

since the stoloﬁlomeﬁrlc UO2 was in fact UO2.002. No
cstinate of;ﬂHs 1s available although it is cxpected to
be of the same order as;ﬂHS for CaFé. Sinoe,AHS in CaF2

is approximately 2 x ZXHF this might be expected in UOZ'
O

Thus the activation heat in equation 35 is about AXHM.
An estinate of the naximum value of [&Hm in U0, 1, at
800°C can be made from the results given by Willis§34)
The occupation nurber for uranium on normal lattice sites

is given as 1 + 0.01 (standard deviation). A4t the most 0.01
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sites are enmpty. Using equation 34,

-15 12 o~
D00 0.718 x 2.99 x 10 x 0.01 x 3 x 10 “exp (2H m)
-23% 2 -1
Giving OH = 85 kcal.

If ¥ were 10° different AH  could be 76 to 95 keal.

éf%n 1s qulte 1nsensitive to a large change in one of

b, NV or ¥, but all three are reasonable estimates and the
value of AH  calculated herc lends support to Q = ZSHm.
No good estiuate of the number of defects was possible
from thermal expansion and lattice parameter data since
there 1s good agreciient between the actual expansion

and that calculated from change in latticc parameter

with temperatureglo) However, 1f the whole expansion

1s attributed to the formation of cation vacancies,
althcugh this will be a gross over-estimation of the
nunber of defects, the upper limit ﬁ@rlka can be found.
At 1500°C, the volume cxpansion is about 5% in stoichio-
metric UO2 so, asswiing this to be due to a 5 mole %
uranium vacancies and knowing DlSOO for UOE.o’ gives

zka as 85 kcal at the nmost. Q frowm diffusion measure-
nents is 70 kecal in stoichiometric urania. Thus Lidiard's
theory scens to be reasonable although an exact fit with
eXperiment cannot be obtained becausc most of the

paramneters in equation 35 are not known with sufficient
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accuracy. However, the theory only seems to apply for
Ve e , o i

x 40,1 since rcsults forUOz.l2 and U02.15 do not fit

with those for lower valucs of x. Log Do increases

steadily with increasing log x up to x = 0.1 but for

U02 15 it decrceases again and Q decrcecases too. Also

"log D" versus "log v (or "log x") is a reasonable

p
©o
X

straight line up to = (0.1 but above this value D

rises very rapldly.

6.2,2 Other factors in U sclf-diffusion in U0

2+X
Prior to the publication of Lidiard's theory and before

activation energies were established, it was obscrved
that a plot of "log D" versus "log x" could be correlated

guite well with the formation of U5+:

The relationship between x and p requires the

(84) 2
fornation of associoted dufects,:

A — 5 + é?)

(log p, 1is proportional to log x. This is found
2

experimentally up to x = 0.1)

Two electron holes are aogsociated with Oi and

these could exist as U?+ As the Oi noves rapidly through

the lattice different U4+igﬁg would becone U?+ If a U4+

U5+

adjacent to a U vacancy becomes it will move easier
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into the wvacancy becausc of

g2+

it may cease to be after

For U5+ to take part

its sualler size although

it has jumped.

in a diffusion process it

ety e g B P ¢ < . ya-choans s e e 04

nust be virtually dissociated from the defect complex,

5+ ; : 5+ 5+
0,U3 = 0,077 4+ U 5
X=-a a a
For small a, (<3)
+ o,
a ol x*°

In equation 33,

=

A 5+) |
BT )

b

™= 12N kx® v exp (=

(12 NQ.is‘the probability of @ vacancy as a nearest

. 4. ’
neighbour; Wt = kx? ; ZXG'5+ for movement of U°Y)

Substltutlng for I and « (= a /ﬁ/2) in equation

33 glves,

-9

are assuucd to be constant with x (see

2 3 Asm
fkag v N x* exp =F cexp(——=r—

If Lle and NV
later) then "log D" versus "log x" at constant tenper-

ature will have a slope of % as found by experiment.
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Since equation 39 appears to fit the experimental
data under the spécial conditions of constaht Nv aod
AG, 1t scems expedient to examine these two terms
more closely. The assumption of constant AGm requires
experimental verification, but the assumption of '
constant NV’ the number of cation'vacancies, does'not
appear to be sound theoretically. Lidiard's deter-
mination of Nﬁ éhows that it is not independent of
x, as 1is required here. The relationship between
the number of defects on the two sublattices is via
the Schottky product. ' Both stoichiométry and electro-
neutrality must be considered when establishing the
- Schottky product, for example, the charge imbalance
due to the formation of a uranium vacancy could be:
allowed for by four electron holes (as U5+), but
the composition would be changed and two oxygen
vacancies must be formed instead to maintain stoich-

' iometry. It is assumed that the equation,

uVOV2 = (1) ' | ‘_ .

applies to all Compositions of UO , although, of

2+X
course, it will not be correct for large deviations

from The stoichiometric composition.
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It was-found experimentally that SMH (equation
35) was not consbtant with composition imblying‘that,
any, or all, of AI'Im‘,AHFO? Aty may chenge. Thus |
the fact that 'log D' versus 'log x' has a slope of
% is fortuitous. However, the concept of U5+ being

responsible for the diffusion process was pursued

“.and a combination model (UV/U5+), will be examined

in section 6.2.5., where a more critical test of
the diffusion model is found in the value of the

slope of 'log D ' versus 'log x'.

The reqﬁirement of a virbual dissociation of
U5+ and,Oi,for the diffusion jump does not necessarily
mean a chemical dissociation. DIguntion 38 implies that
ohly a few U5+ are capable of taking part in the diffusion
process— . although in a wider sense they are still
associated with the O,. This might be interp}eféd as
the diffusion Junp reguiring a specific coordinated:

jump of the oxygen interstitial and the U5+.

If U”* dominate the diffusion process, then the

sudden increase for x»0.1 can be explained. A graph of

"log po-' versus 'log x' begins to deviate from a
.2 ‘
straizht line of slove 2 for x30.1%%) This implies

a dissociation of the defects, which will eventuallyvgive,

0.U°* = 0. + 2UdTt - | -(Z)
. 1 1. :
' X 2x '

, .
giving, u5 A x.
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S0, "log D" wversus "log x" should have a slope of 1
beyond x = O.1. The gradient is closc to this (Fig.38)
The reason for the complete dissocociation is that at

x = 0.12 there is ¢n average onc U5+ per cell. Thus,

it is possible that a particular electron-hole is not
associated with a particular interstitial when the
concentration is so high and the holes may act rather
like electrons in nmetals.

2

0243 Condition for U2 to dominate in diffusion

Movenent from a normal U lattice site into a vacancy
would rcsult in 2 jump in a €110} direction. Consider-
ation of the projection along {110 , PFigure 44, shows
that 1f the Jjump were direccetly into the adjacent vacancy
then two oxygens would have to move apart a distance
equal to the diameter of the woving ion. A nore likely
nechanism is for the ilon to rove through the intcrstice
between four oxygen ions in =z 100> type direction into
a (£,0,0) position and then move between another four
oxygens to.the wvacancy. When in the(5,0,0) position the
U ion is c¢loser than normal to 4 U ions (the other two
positions being vacancies)ybut the distance of approach)
30/2, is 2.738 so the ions are far from touching
(ru = 0.97R8). The jump could also procced via (%,%,%)

Here, charge effects are neglected.



-152 -

-uranium onr
thorium

oxygen

FIG.44 <110> PROJECTION OF FLUORITE
STRUCTURE -




-1 57)_

]

02"

U-or U

FIG.45 OXYGEN CONFIGURATION ALONG

<100> .



-154~

The difference in energies for the movement of
o U5+ Y s ) C
a and a U can be estinated roughly be considering
the elastic work done in moving. PFigure 45 shows the
four oxygen ions. The distance between their centres

is 2.735ﬁ so the hole has a radius of about O.56ﬁ. When

an ion ncves through the interstice cach of the four

oXygens nust nmove r = 0,56 8. Thc work done in wmoving
\
is given by,(96’97’
r 0.56 - *}0.56'
AGm = J fdx = ' M X2 %
X=0 L’ Jo

H
I

force; taken to be proportional to the
displacenent

an elastic modulus for the region.

M

Since the radius of U4+ is 0.9% % and that of U5+ is

87 this treatment shows that the wmovement of U5+ requires
only about 57% of the work rcquired to nove a U%+ A.

reasonable estinate for the work to move a U4+ would be
100 kcal (giving U2t 60 kcal, c.f. cxperinental results).
The differencce of 40 kecal ueans that the U5+ is 12,000

times more likely to Jjuup than U4+ at 1400°C. So when

X = 0.00008 half of the diffusicn is accounted for

by U°* and half by urt (W.B. As x becones less than
0.0001, uh+ jurips will doninate giving a higher diffusion

coefficient than for U5+ jumps alone., This agrees with
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experiment where D for the stoichionetric composition

does tcnd to be above the "log D" versus "log P, n
2
straight line).

6424 Thoriun diffusion in UO2+X In order to
obtain information concerning the nature of the diffusing
: 5+ - o . X c . . . . 4+
speceies (U , vacancy, or interstitial mecahnisn) Th
was diffused into UOQ.O’ UOQ,Ol and UO2.1. Although a
chencial gradient was present this was considered to be
about the same in all three cases and any increase in

the diffusion coefficicnt was attributed to the defcet

chemistry.

230

In stoichionctric UOQ.U233and Th have the

sane diffusion coefficient at 1620°C. This agrees with
the findings of Lindner and Schmitz, but their results
show a possible differcnce in the activation encrgics
for U and Th diffusion,Kso the agreement at 1620°¢ nay
be fortuitous. In UO

at 1600°¢ Iy and D are very

2.01 Th

o 1 Du is about 2 x DTh' So, the

diffusion coefficient for Th*+ in UO2+X incrcases with

close, but in UO

x in the same way as Du for low x at about 16OOOC, but

the increcase is less when x is about 0.1.

If the diffusion is related to U°T then as the
nunber of U5+ increascs, the vacancies (number fixed for

this model) would move around faster and would return
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quicker to the vicinity of the Th4+. Thus diffusion of
Th4+ would be enhanced. There would be some strain in
the lattice around the Th*t (0.998) and this might help
it to junp prefercentially into the vacant site (rather
then U**).  The diffcrence in D, and Dy, in U0, ; cculd
be explained in that the rate of moveuwent of Th4+
depends on the probability of there being an adjacent
vacancy whereas the rate of nioveuent of a U235 tracer
depends on the same probability of there being an
adjacent vacancy and that the tracer should be a U5+
which can dissociate from an Oi' This second probability
increases suddenly arcund x = 0,1 and so accounts for

the bigger increase in Du than in DTh at this conposition

An interstitial wmechanisn for diffusion might
be postulated by assuming that U5+form interstitials
nore easily than U4+ and that the defects on the cation
lattice are independent of those on the anion Iattice,
but the closeness of U and Th diffusion in UU2+X implies
a similar ncchanism for the two ions. Since it is
unlikely that more interstitial thorium will be forned
with increasing x it might be concluded that the
mechanism must involve vacancies. However, it is
possible that the formation of Frcnkel defects by U5+
could preduce vacancies fcr U and Th diffusion -

provided that the defects on the two sub-lattices are

independent.
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Some other work on actinide diffusion in UO2 has
been performed,but in vicw of the dﬁubtful validity of
the analysis of their resuits the figures given by
Schritz and Lindner(58) nust be treated with caution
(section 6.1.4). On the assunption that Th, Pa, U, Np,
Pu and Anm all woeve via the defects alrcady present in
UUZ’ the difference in activation chergy can be loosely
correlated with the charge or different radii cf the
diffusing tracer. But the nature of the defccts was

not established.

N V N [ o h 3 £ ] 3 3
6.2.5 Models for Diffusion in U02+X and

experimental rcsults

i)’-Uv/U5+ nodel. Por the U2 nechanism "log D"
versus "log x" should have a gradient of 0.5 ifAAHm is
constant. It is not. So the slope of 0.43 + 0.6 does
not indicate U5+ control. However, & diffusion wmodel
combining Liidiard's nodel and the U5+ nodel can account

for experimental observation.

Combining equations 31 and 39,

4
[t

a8 P N

D = const. x°77 exp (i;h ) exp ('EES ) 43

oo x° 5 U2to xF.
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Thus, "log Do" versus "log x" should have a slope of 2.5

(to x = 0.1).

The limit of T control is at about x = 0,001,
and although DO can be calculated for different compositions
from the "log D" versus "log po2" (or log x) lines, these
ney not be true straight lines, Using the three experi-
niental values for DO ot UO2'ls UO2.059 UO2.Ol gives a
slope of 2.67 1+ 0.2, showing that this conposite model

is reasonable.

In order to explain conductivity neasurcments
Hocnt42) and Roberts ana Markin'4) postulated that
half the electrcn holes were free and half bound to
oxygen interstitials. It is possible that one U5+ is
strongly associated and one loosely associated:so that
the latter can take part in the conduction process.
This could mean that the free holes g¢an take part in a
reaction as iwmplied in equation 40. The number of U5+
(Loosely associated) canable of taking part in a diffusion
process would be prcportioconal to x, so that "log DO”
versus "log x'" wcould have 2 slope of 3. This does not
fit the experimental results as well as equation 42
yot

where only very few of the are frec. However, the

conductivity and diffusion processes are different in
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that the fourmer reguires the rovement of holes and the
latter the movement of a U ion. The evidence here is
that only o few ¢f the 'free! U5+ can take part in the
diffusion process, which is compatible with a correlated
moverient of oxygen and uraniwua.

(73) ¢xplain the

ii) Uv nnodel. Thorn and Winslow
shape of the*'iﬁOé" versus "x" curve by the filling of
'new' interstitial sites at about x = 0.1. These
defects, since they are formed last, would require a
larger positive free cnergy of formation. So an increase

AG,

in P (= exp(— “ﬁT“» is expected leading to a sudden

increase in De. Results for UO and UO show that

2.1 2615
isz + &HS - 2 &HFO becomes larger - since this term
contains the main effects of adding interstitial oxygen.
DO decreascs which means that QSO probably increascs.
It is of coursec possible that the changes in Q and Do
are in the free energles of movement and of foruation

of Schottky defects.

This wmodel would give a sudden change in "log DO"
versus "log x" ot about x = 0.1 and then continue witn
a slope of 2. No equations were established for diffusion

for x greater than 0.15 so this cannot be checked.
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This mocdel could not explain ThZBO diffusion in
UO2+X. Vacancies arce the only defccts assunmecd to take
part in the diffusion of the cation and the change in
DTh/Du at x = 0.1 requirecs o diffcerence in nechanisn
for U and Th diffusion. The experiments for Th diffusion

in U0 were noorly defined in that thers was a chemiical

2+X
gradient, so this uodel cannot be ruled out completcly
on the basis of these results.
iii) Interstitial model. An interstitial mechanisn
can be rulcd out if the defects cn the uraniun and
oxyigen sub-lattices 2re related via Schottky and Frenkel
products, since the nurber of Ui dccreases with increasing
x according to Lidiard's cguations. Bxperincntal
evidence suggests that the defeets are related - osrobably

by eguations such as cquation 40.

Thus, two possible icdels feor U difrusion in UO2+X

are . ;D + . .
’ i) U/ °F Lodel. U roving into a2 vacancy.
- T e N NS
ii) Jv viodel, U roving into o vacancy.
The first explains expcerinental results marginolly
better than the sccond. 4An extension of diffusion
measurcnents for valucs of x greater than 0.15 cculd
distinguish betwecn the two, but because of excessive
vaporization of urania thesc nmeasurernients would be

difficult.
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6.2.4 Diffusion in ThO2 The non-stoichiometric
range of thoria is extreuwely small or non-existent.
This was confirmed by the diffusion experiments wherec
no significant change in D was observed with change of

18 40 107295 ) to air (p, =107"7)
> 2

atmosphere from H, (10™
Since the valency of Ph*t is fixed, (unless the cnergies
of formation of Schottky and Frenkel products approach
those for removal of an electron fronm 02_ or for the
formation of Th3+), then the dcfect concentrations

should be given by Lidiard's equations for ideal

stoichiometric UO2, Ceo s

th., = §/F

v 0

i

and  thy FuFO/S

So, for a vacancy nechanism,

D = fa 2‘;} oXp (ASL'I + 4 Sg —ASE}—ASE»‘
0 R
— ‘ — N - — K J\‘
exp ( ‘QHNRTfjHa SHPN +AHg )

Experimentally D is very sumall (L.25 x lO_7cm?sech)

and if the diffusion is via vacancies, (as sccms probable
in UOz), since faozﬁis about 7 x 10_3,
then ZLSm +z$SS —:ASEO = =17.1 e.u.
How Zener's theor§43) raintains thatzﬁsm must be positive
but the theory only really works for close packed metalsggé)

Movements from a (0,0,0) position to a ($,%,0) position
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in a f.c.c. metal would produce disorder during the

process and a positive entropy change. However, if a

Th ion (or U) has to squecze between oxygen ions then

a large negative entropy might be expected. (The steric
factor in old style kinetics, e‘as/R can be 107° rfor
complex formation in gases i.e.48 = =27.5 e.ugaa)).
So the swmall vzlue of DO can be accounted for if the
diffusion process involves a negative entropy change.

It is interesting to note that a small value of DO is
often taken to imply extrinsic control of the diffusion

process. But it is possible that the main factor in

a5 is the intrinsic entropy of movenent,

Lidiarcd's equation is more likely to apply to Th02

than to U0 since there is no complication of hole

2+X%

formatvion.

So, unless the nunmber of cation vacancies is fizxed

by an impurity ion of fixed valency the results for ThEBO

diffusion in Th02 are,

58.5 kecal,

- 3 : L -
TAH = an-fAHS A@%

,’A\ — £
ASm toeog ékSFO

EZ.&S _1701 Celoe

it
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) Cation diffusion in U02 solid solutions

A study of diffusion in UO2 solid solutions could shed
light on the diffusion process. Measurcment of U self-
diffusion in UOQ—MOX solid solutions has beecn performed
by two workers using the decrcase in surface activity

method.

McNamara used two solid sclutions, ﬁ02/20 m61e%2rC 5
and U02/2O rioled Y2®3' The diffusion anncals were
performed in an atonmosphere of dry, high purity hydrogen.
Diffusion was enhanced in the zirconia solid-sclution by
a factor of abcut 30, but no change was reported for
the yttria solid solution. Since the D.S.A. method
was used the factor 30 can only be used as an ordcr of

nagnitude result,

Matzke investigated U sclf-diffusion in UO2 with

nole % additic s o 100°
0.1 mole % adéditions of Y203’ L3203 and szO5 at 1400°C
and 1550°C. He found that at 1550°C U-diffusion
coefficients in U02 with Y203 and La203 additives were

about 0.1 times those in stoichiomctric UQ2 (Lindner's

values) whereas Nb,O. nade no measurable difference; and

275
at 1400009 Y203 and La203 reduced D by a factor of 50
whilst b,0. increasecd it by 225 times. No significance

275
can be attached to the actual figures since the 1400°¢

results indicate that D (in Uoz/yzo3 and UOz/IaZOB) is
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about 4 x 107 0cn’sec™t This is beyod the limits of

the D.S.4. nmethod (10714 to lO—lBCm?sech) since to
obtain a 5% rcduction in the total activity (down to a
depth of 4 microns) would require o diffusion anneal of
5 x lO7sec. IMost vrebably the active layer was bound
on the surfacc and no diffusion took place at all in
the case of thesc very low diffusion coefficients.
Since the 1550°C results were within the range of :
applicability of the D.S.A. method these results can bc
taken as slight cvidence of D decreasing on incorporating
trivalent cations. The results for UO2 with Nb205
require some comnment too. The factor of 225 ot 1400°¢
gives D, (in UO2/Nb205) equal to 5 x 10—lzcm?sec:l and

=13 4t 1550%. Tt is

the other reportcd value is 3 x 10
not possible to have confidencc in the resulits when a
decrease in D by a factor of 0.06 is reported on

increasing the temzerature from 1400°C to 1550°¢,

Perhaps there is 2 nisprint in the paper in which case
Matzke's conclusions of increased diffusion in Uog/l% Nb,0,
and decrcascd diffusion in UO2 with 1% LaZO5 and with

l%YZO3 can be takcn to give slight support for a vacancy

mneahanism for cation diffusion in UOZ’
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6.4. Self-diffusion in fluorite lattices and
other oxides

6.4.1 PFluorite-type lattices Both cation and

anion diffusion ccefficients are known in CaFZ, U02+X,
ThO2 and calcia-stalilised zirconia (CSZ). In the
fluorite lattice rost of the dcefects arc accomnodated
on the anion sub—lattice(96) This was substantiated
in CaF2 by gonductivity measurcments using NaF and Y2F3

dopants(S) and in UO2+X by oxygen diffusion, X-ray and

neutr n-diffraction workglo’ll)

Unlike TO cation diffusion in CSZ is only

2+x
affected in a small way by anionic defects. ‘I‘hO2 does
not exhibit a large range of non-stoichicnmetry with
changing oxygcn partial pressure inmplying that the defects
are few on both lattices. However, one thing is common
to all fluorite latticcs so far investigated:
The ratio of the anion to cation diffusion coefficients
is very large at most teuperatures (. Pigure 46 and Table 9)
This might be expectcd with a relatively perfect cation

lattice and an anion lattice containing the defects.
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Fig.46. Cation and anion self-diffusion in fluorite-

type lattices
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Table 9

Anion and cation self-diffusion in fluorite-type lattices

d%%seofl k%al. = 2
cap, 50 16'13) 10° 86.5(13)
0, 1.2x10°2  65,000872)  5.06x1077 70
1m0, 4.4 65,500(96)  1.25x107" °Y
SRV 1.8x107° 51,207 o 0.44 100.2(7)
16m/0 7r 3.5%107° 92,57
Auskern and Belle's value of DO = l.2 x 103 for oxygen

diffusion in UO2 002 does not fit their deta. Their

graph of "log D" versus "1/T" recquires that D, = 1.2

X 102 to obtain the experimental values of D.

6.4.2 Th02 and stoichiometric UO2 Since Th02

does not show a range of non~-stoichiometry like U02+X it

is expected that the anion lattice will have fewer
defects. This could explain the smaller oxygen diffusion

and the pre-exponential terms for cation diffusion. DO

secms to be related to the disorder on the anion lattice

in U0 + The more nearly perfect anion lattice of ThO2

24X
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could be responsible for & larger negative entropy for
novement of Th in Th02 than for U movement in UO2

making Do for the Th02 case lcss than that for UO2 0°

6.4.5 Diffusion in other oxides Since both

D, end Q increase with x in UO, (up to x = 0.1) a
survey of diffusicn in other non-stoichiometric compounds
was undertaken to establish whether or not this incregse

was usual,

DC increasss in Co0 as the partial pressure of
o
oxygen increasesg97) This is attributed to an increase

in the number of vacant cation sites.

There is no significant increase in the activation
energy, but the value of DO increases. 3Both DO and Q
increase with non-stoichiometry for Fe diffusion in

(98)

wustite. More Fe sites become vacant as the conp-
osition deviates more from PeO. Another example of an

activation energy for movenent increasing as the nuusber
5(100)
§

»

of vacant gites incrcascs 1s for Fe diffusion in Fel
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and for anion diffusion in CaO/ZrO2 s but here, as in
FeO, Frenkel pairs may be found on the anion lattice

(an extension froa CaF2 shows that less energy is

required to create a Frenkel pair than a single vacancy).

Although siwmilar effects have been observed with
changing stoichiometry in other systems no conclusions

can be carried over to UO since nothing is established

24X
beyond doubt for the other oxides. The interstitialcy
mechanism for oxygen diffusion and the UV/U5+ nodel for

U diffusion in UO describe conditicns for diffusion

2+X
which are much more complicated than in other oxides

so far investigated.

6.4.4 Grain-boundary diffusion in oxides

Several workers have reported enhanced cation grain-
boundary diffusion; in fluorite-type lattices, U in

(UO2_X)(59), U in UO,,  (this work), Nb in U02<102);

2+
and in other oxides Zn in Znogloa) Ni in Mgo(lo4) and
O and possibly L1 in AlQOB(%Os) (In Paladino's paper

an autoradiograph shows a concentration of Al in the
grain-boundaries). However, the grain-boundary
diffusion of Ni in Mg0 (NaCl structurc) has been
attributed to impurities in the grain-boundary (106)
(as has grain-boundary diffusion in NaCl(lo7)). An
electron probe microanalyser was used to examine the

grains and grain boundaries of the urania samples but

no concentration of impurities was observed.
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RELATIONSIIP OF DIFFUSION TO OTHER

PHYSTICAL PROPERTIES IN UQO

2
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T RELATTIONSHILE OF DIFFUSTION TU OTHER PHYSTCAL

PROPERTIES IN U02

Once diffusion coefficients have been established
it is then possible to investigate the relationship
between diffusion and creep, sintering, grain growth and

fission gas release.

The diffusion coefficients measured in the present
work, D,, were for a tracer moving by a vacancy mechanism
on an f.c.c. sub-lattice. The flux which is of importance
in relation to physical properties would be the vacancy
flux.which isl2/f tinmes Dy (where f is the correlation

factor - equation 34).

7.1.1 Sintering  The process of sirntcring

may be controlled by,

Diffusion (volume, g.b., or surface).

) An ecvaporation -~ condensation process.
Plastic or viscous flow.

2
3

S~

J.R.Johnson and H.G.Sownan ave reviewed the sintering
data for urania in various atmospheres and with various

additions. Their conclusions are that volume diffusion

probably plays an important part in sintering during the

final stages, but that all three mechanisms of densif-

ication play their part at onc stage or another. Both
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oxygen and hydroxyl ions can create lattice defects and
their presence accelerates the operation of the
mechanisns. Since diffusion coefficients have becn
ineasured in hydrogen it is expected that there may be
some correlation with sintering in H2; but the effect

of hydroxyl lons in U diffusior is not known and although
the partial pressure of oxygen can be calculated for a
steam atmosphere it is not expected that the diffusion
coefficient for the equilbrium composition of UO2

+X
(measured under CO/002) will apply.

An equation relating the fractional shrinkage to

a diffusion coefficient is,

A .
BB - (Dinn" @
AL = fractional shrinkage;
Lo
t = tine;
¥ = surface encrgy;
N = vacancy volume:
R = Boltzmann constant;
T = tewmperature;
r = radius:

K andm = 20/f2 and 0.40 or 31/+T° and 0-465109)

D = diffusion coefficient of rate controlling ion.

This equation fits well for cation diffusion in CSZ€7)
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Equation 44 contains a diffusion coefficient for
the rate-controlling species. As densification proceeds
the pores shrink and there is a vacancy flux, away fronm
the pores, on both sub-lattices. This would enhance
diffusion, but perhaps not in a predictable manner since
the local stoichiometry could change through the
diffusion of oxygen vacancies, The number of vacancies
on the cation lattice, which will be highest near the
pore, will not be in equilbrium with the oxygen sub-
lattice since that too will have the greatest anumber of

(73) .

vacancies near the pore. Thorn and Winslow maintain
that sintering may be controlled by the faster moving
species since densification requires the movenent of
oxygen and uranium in parallel(%o) This neans that
although diffusion of U is very slow relative to the
oxygen lattice (tracer D ), diffusion of oxygen is
relatively very fast and the densification could be
controlled by the :iovement of the faster ion - the U
being carried along with the flow of oxygen. This would
however, awmount to & nmacroscopilc flow of UO2° Further
complications can arise in sintering due to non-uniform
behaviour of the point-contacts betwsen grains and the

. . \ . 108
strain energy introduced on pressing the compactg )
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Tell.2 Sintering of UO2 in _dry ':ydrogen

Activation energies for the sintering of stoilcniovnetric
U0, are 76(24) 79(110) 145 (112) 14 95 kea1(116) gpe
first two values could fit with a m-croscopic flow

process(lo) which may be controlled by the slower

diffusing species, or notg73sll7)

Although published data cannot be used for finding
D from equation 44 it is generally remarked tha
sintering begins at temperatures where U-diffusion is
too small to measure. This suggests that diffusion of

U does not control the process directly.

In view of the complexities of sintering in UO2

(10) and in the introduction

as outline® in Belle's book
to this section, a simple correlation of activation

energies for diffusion and sintering is not expected.

(16)

Nabarro and Herring(15> showed that deformation
of a body by viscous flow may be controlled by diffusion.

. § . . . . .
Herrings equation for the effective viscosity is,

2
o kTL TR

where L is the grain size of the quasi-spherical grains
of a single element with a cubic structure; and D is

the diffusion coefficient for the rate controlling species.
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If the diffusion coefficient can be described in

the form,(7391109115)

D = M.D

1Dy N2Dl ~46

for dilute solutions where the activity coefficient doecs
nect change with conposition, then since the diffusion
coefficients calculated from eguation 45 lie betwecn D
for O and for U diffusion and Nl and N2 are less than
unity, the important term in evaluating D is NuDo’

Since the diffusion is a function of stoichiometry, i.e.
a function of the number of defects on the lattice, it 1is
rcasonable t0 supoose that Nu should be closely rclated
to the number of uranium vacancies. However, equation
46 was developed for a binary alloy in which the total
nunber of moles per unit volume was constant,

c = Cl + 02. flere, Cl = 04 and 02 = Uy which
neans that Cl + 02 is constant for 0, very nuch greater
than U, - This is true for all x in UO2+X° So the ternm
Nu can be written as kuv, where k is a constant. Hence
sintering by viscous flow is expected to have an
activation energy for oxygen diffusion in uraniaza. Using
Auskern and Belle's value of 65 kcal for oxygen self-
diffusion in UOZ.OOZ gives 11, 14, 37, and 30 kcal for
the heat of formation of uranium vacancies (using the
sintering activation cnergies above). All are reasonable

(92)

values when compared with the calculated values for CaFy
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(.13 Sintering in steam and 002 There appears
to be a large scatter in the reported activation energies
for the sintering of UO2+X in steam. In degassed steam
x should not change nuch - but :most papers quote different

and final cocmpositicns. This could drastically affect the

activation energy (if it dcpended on diffusion).

Thorn and Winslcw point out that sintering
activation energi.s in steam are compatible with oxygen
diffusion controlling sintering. The decrease of about
37 kcals in the activnation energy for sintering in U02+X
agrecs very well with the decrease of 36 kcal for diffusion
of oxygen in UO2+X° Since Q increases for U diffusion

in U0 contrvl by U movement can be ruled out.

2+x?

In a 002 atmosphere no effect of hydroxyl ions
should be present and some attempt to correlate the
activation encrgy of 40.3% kecal (ref.24) (in UO2,OB) with
composition and known oxygen diffusion coefficients is
possible. In & pure 002 atnospherec UO2 will becone
slightly more non-stcichiometric as the temperature
rises leading to an effective higher activation cnergy
for oxygen diffusion. But the increase would be very
small and the activation energy would still be close to
30 kcal. Using equation 46, as for stoichiometric UO2,

gives a value of 10 kecal for the heat of formation of
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uranium vacancles. This is about the same as in

gtoichiometric U0, and is & reasonable value.

2

7.2.1 Crecn Stcady state creep has been

considered in teris of,

1) Vacancy migration

2) Dislocation clinb

%) Quasi-viscous nmovement of dislocations
4) Peierls stress mechanisn

5) Grain boundary sliding

Mechanisns 1), 2) and 3) could be controlled by
U diffusion, althcugh 2) and 3) could depend on the
impurities near the dislocation (ref.120). Crecp in a
number of ionic sclids has been considered,with sonme

agrecuent on the mechanism. Sowe authors have reported
I

(114)
3

Nabarro-Herring diffusional crecpwpolycrystalline Algo
and BeO, but Warshaw and Norton suggested dislocation
mevenent to account for crecp in A1205 at high tenper-
ature, high stresses and large grain size. For Al O3

2
(119) . . . . )
favours a dislocation climb mechanism in

Chang
single crystals. With so uany variables the agreenment
between different workers is only fair. It is possible
that different wechanisms will be responsible for

controlling the deformation as the conditions of the
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experiment are changed.

12,2 Creep in urania Grain boundary sliding

occurs in non-stoichionetric urania during deformation
(but not in stcichicmetric UO2 where intercrystalline

cracks arc observed). Activation cnergies for creep

(120) (11

are 91 kcal and 95 3) for UO2 0? and for UO

2.06
(120)

=\
values of 55.7 and 63, and 72 mnd 65 kcaléllj”

and U02.16

have been reported. The results for U0 cannot be

2+X
obviously related with dislocation or vacancy movenent
in the bulk of the grains, and it is doubtful whether
the activition energy for UOZ.O is significant since
the propagation of a crack would contribute to the
strain rate. However, sone work has been performed on

14121) Here the activation energy

single crystal materia
is 117 keal and the authors conclude that the deformation
proceeds by a quasi-viscous movement of dislocations,

the movenent being impeded by impuritiesgl22)

7.

N

.1 Grain-growth in urania The growth of

& grain requires the transfer of atons from one grain
to another. In a high angle boundary the environment
is highly affected so the rate of transfer would be

high, and the activation energy should be the same as

that for grain boundary diffusion.
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Resiwlts reported by Anato et a1<}23) show an

activation energy of 75 kcal (1155 and 1655°C) in a
hydrogen atwwesphere and 87 kecal (1550 to 2440°¢) in
vacuo or argon(%24) Thelr own results give 115 kcal for
stoichicmetric UO2 with other results in less well
defined UO2 of 65 and 87 or 58 kcal. The first value

of 75 kcal is in nominally stoichionmetric UO2 and is in
very good agreement with the results obtained for volume

and grain boundary diffusion under a hydrogen atonc spherc.

For non-stoichiometric urania activation @nergies
of 49.5 + 6.8 kenl (1160 to 1350°¢) in steam and 46 + 6
kcal (1207 to 1398°¢) in €0, have been reported€26)

In this latter case the value ¢f x in UO2+X will increase
with temperature and the apparent activation energy should
be about 100 kcal for vacancy movement. The discrepancy
here could be accounted for if grain boundary diffusion

is controlling - the more logical case - but no good

check can be made since grain boundary diffusion

activation energies are not known in U02+X.

The general conclugion of Amata et 31(125) is

that the large scatter in activation energies and pre-
exponential factors cannot be justified theoretically
since there is no model for predicting either cf the

factors. Since it is not possible to choose between
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the results alrcady published, which may indeed be
correct and apply only to the material under exanination
at the time, further work is needed in which the
conditions, particularly in pdzg are carefully

contrcolled.

1441 Pission gas rclease in UO2 A vast
amount of work has been performed on fission gas and
rare gas release fron U02, but agreement between
different workers is rare.(lo’13’125’126’127) For
example, Xe release fron UO2 has been fitted to a rate
equation with the pre-exponential tern ranging fronm 10—10

to 24, and Q ranging from 40 to 127 kcal. As in
practically all cther experiments on U02 insufficient
data is available on the stoichionetry of the samples
used in the experiment. Many experitienters crush the
samnples after irradiation probably introducing many
dislocations intc the structure and providing sites for
weak trapping. MucEwan and Stevens(134) found that

irradiation dose was important tog; as were closed

porosity and other defects.

(10)

Lustnan receommends for diffusion of fissicn

gases in UO29 the equation,

6 1

D = 6.6 x 10~° exp (=71,700/RT)cn’secy
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This result was obtained by Bostron in dense UO2 plate.
An activation energy of about 70 kcal was obtained by
several workers but Booth and Rymer, and Lindner and
Matzke rcported 46 and 49 kcal in crushed and powdered
UO2 respectively. Booth and Rymer used a He atmosphere
and it 1s possible that the difference between their
results and those of Bostrom is due to differences 1in
stoichiometry since Auskern obtained 65 and 73:8 kcal
for UO2 nowder reduced with H2, and about 45 kcal for

UO2+x‘

Auskern et al, pointed ocut that the absolute values
for D for XelB'5 diffusion were close to those for cation
diffusion in UO2. The activation energy is close too.
This suggested that the novement was by a lattice
diffusion mechanism and relatively insensitive to grain
boundaries and voids (but see refs. 125, 128,129). The
tentative conclusion was that fissicn gas®s diffuse via
cation vacancies. Howsver, this is probably wrong since
it is unlikely that a very large atom like Xe (radius
about 2.1 % - and univalcnt Xe is about 133% - apart
from a high ionisation potential) would have a similar
activation energy to U for a vacancy mechanism. The
closeness of DX@ to Dg is probably fortuitous (sec section

704‘.2) .
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T.4.2 Mechanism of fission gas diffusion in UO2
(10)

In several places in Lustmah's review gimilarities
of fission gas diffusion with oxygen icn diffusion in

are mentioned
U02+X are mentioned,

1) D, for Xe diffusion in UO, . is proportional to x

+X
2) Q is independent of x

3) Q decrcases by about 30 kcal from U0,  to U0,
4) Dxe i8 enhanced in crushed in UO2 as is Dox

5) Dy is about the sane as Dxe

The first threce observations do not fit with U solf-
diffusion in U02.
If an activaticn energy for mmovement of XelBj

of about 45 kenl is used (as in UO ),(E,f.oxygen)

2+X
then this would require a low Do factor, and o negative
activation entropy is indicated. This could be due to
short circuiting paths or possibly to ordering during
the diffusion jump. The second possibility 1s quite
likely since the fission gas atom is a misfit in the
lattice and would probably rcquire the simultaneous
movenent of adjacent oxygen ions in specific directions
to achieve a junip. The higher activation energy in
stoichiometric UO2 could be due to the energy of

formation of oxygen defects.
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It is not known whether the Xe occuples lattice
or interstitial sites - or it may occupy both. Over the
range of temperatures investigated (700 to 1100°G) for
Xe diffusion in U02+X a close connection with oxygen
ion diffusion is indicated. In this case the Xe would
occupy both kinds of sites. However, results of
Ancderson et alQ%O> for Rn diffusion in UO2 indicate a
change in activation encrgy which becomes higher at
higher temperatures. If the Xe ce¢xists in U02 as a
neutral atom it wculd probably be distributed on both
sub-lattices (a U lattice site is the same size as an
oxygen interstitial site). This could account for a
diffusion mechanism changing with temperature, the one
with the higher activation energy dominating at high

temneraturcs.

7.5 Physical propertics of Th02 Little

quantitative information is available on the properties
of ThOg. Temperstures of about 1500°C are required for
sintering of ’I'hO2 with 1little difference in final density
when sintered in H29 air or O (74) The addition of Cal

5
(14)

to Th02 enhances the sintering rate. Thers 1s no

liquid phase at tenpeératures of less than 2300°¢ for the

amounts of Cal used, so the effect is in a solid state

2+

reaction. The addition of Ca could crsate anion
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vacancies leading to enhanced oxygen diffusion, This
suggests that sintering is dependent on the faster

moving species.

No sintering is reported in Th02 Tor temperatures

1%0) 112)

less than 100000,( c.f. 850°C fur U0, in hydrogen(

and 750°C for U0, in steanmt 131) 4t 850°C D, in U0, is
1/26 times Dpy in ThO,,but Dy, in U0, is about 270 times

D,, in ThO,. This is further evidence of oxygen diffusioli

0x
controlling sintering. The oxygen diffusion coefficient

11

ig about 2 x 10~ cm2sec—1 in 211 three cases when

sintering begins,

Crecp in ThO2 is accompanied by grain-boundary

12
sliding and the formation of intergranular cracks( )

as in UOZ” The controlling mechanism is not clear since

2+

addition of Ca enhances creep whereas a decrease in

the strain rate is observed with AL°T additions.

Data for diffusion of Er, Xe and Rn in ThO, are

2
as varied as those for UO2(15) and nc attempt can be
made to correlate the results with diffusion measure-

ments.
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CONCLUSIONS
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8 CONCLUSTIONS

1. Volume diffusion coefficients for uranium self-
diffusion in urania were shown to depend strongly on
the stoichiometry. Equations were established for
diffusion in stoichiometric UO2, UO2.01, UO2.03, UO2'1

and U02,15°

2, Uranium diffusion in urania probably occurs by

g2+t

novement of a ion into a vacancy.

3. Th self-diffusion in thoria was shown to be

20

independent of oxygen pressure (107 °7 to 10_0'7) in the

snmall temperature range investigated.

4. Grain boundary diffusion of the cation was

established in U0, and UO but the results were not

2 2+x;

very reproducible. An estimate of the activation cnergy
for grain boundary diffusion for UO2 0 showed it tc be

about the same 48 that for volume diffusion.

5. Attempts to correlate relevant physical properties
with diffusion produced tentative conclusions that
sintering, creep and fission gas diffusicn are closely

related to ogygen diffusion.
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ALPPENDIX



-188-

Appendix 1

Grain-boundary diffusion

The grain-boundary contribution, 32 s, was evalu-

ated from the second term in equation 2 using Gaussian

quadrature(l4O). (A =1)/(a —(ri was taken tc be unity
and the upper limit of the integral was replaced by wo,
For q in the experimental range the integrand is wndy
appreciable for a~<<i&§52) The grain-boundary width,
2a, was taken to be 5 x lO—SK in keeping with Suzuoka's
computations. The mcthed of integration uscd by Suzuocka
was not stated, but the results obtained by Gaussian
guadrature for N = 16 deviate. slightly from Suzuocka's
values for large values of UK Since the important part
of the profile is at low valucs of 7 the results
obtained by Gaussian gquadrature were considered to be

satisfactory.

Values of '6‘2 arec tabulated as, e¢.g. -9.031(-1)

which means, 32 = -9.0%1 x 107t
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vl VAT S Sor

Suzuoka G.Q. Suguoka G.Q. G.Q
29 20 30 290 40

0 -1.%32(0) —1.542(03 -1.470(0) -1.469(Og —1.554(o§

0.5 ~1,221(0 -1.344(0) -1.426(0
1 -9.033(-) -9.031(-1) -1.014(0) -1.014(0) -1.089(0)
1.5 —4.978@1% ~5.905(<1) -6,560(-1)
2 -l.214(4) -1,213(1) -1.939(-1) -1.931(-1) -2.467(-1)
3 3.072(-1) 3.074(-1) 2.,752(<1) 2.758043 2.460(~1)
4 3.62861)  3,630(<1) 3,611(1) 3.617(-1) 3.510(-1)
5 2,908(1) 2,910(-1) 3,081(-1) 3,084(-1) 3.110(-1;
6 2.13501§ 2.138(-1) 2.409(-1) 2.410¢1) 2,521(-1
8 1.099¢-1) 1.102(-1) 1.417¢1) 1.415¢1) 1.598(<1)
10 5.511¢2) 5,532(-2) 8,179(-2) 8,120(-2) 9,977(-2)
12 2.699ﬁ2; 2.699? ) 4.644&2; 4,561€2) 6.160(—2%
18 2.7770:3)  2.426(-3) 7.760(-3) 7.555(-3) 1.468(-2

20 60 19 80 90

0  -1.616(0) -1.663(0) -1.700(0) -1.729(0) -1.755(0)
0.5 =1.486(0) -1.5%2(0) ~1.568(0) ~1.598(0) -1.622(0)
1 -1.145(0) -1.188(0) ~1.222(0) -1.249(0) -1.273%(0)
1.5 ~7.053(-1) -7.436(-1) -7.7%9(-1) -7.987(-1) -8.201(~1)
2 -2.8 3?1? -3.211?1; -3.474@12 ~3.691?1? -3.879§-1§
3 2.205(1)  1.989(-1) 1.811(-1) 1.661(1) 1.526(-1
4 3.386(-1)  3.270(1) 3,168(-1) 3.077(1) 2.991(-1)
5 3.085(-1)  3.,045(-1) 3.oozblg 2.959(-1) 2.,912(-1)
6 2.565(1) 2.580(-1) 2.582(1) 2.576(-1) 2.559(—1;
8 1.71561)  1.795(1) 1.853(1) 1.695(-1) 1.920(-1
10 1.136(1) 1.241(¢1) 1.323(1) 1.387(-1) 1.434(-1)
12 7.482(-2) 8,558(-2) 9.434(2) 1.014(-1) 1.068(~-1)
18 2.185(2) 2.826(-2) 3.377(-2) 3.844(-2) 2.233(-2)




-190-

100 410 120 130 140
0 =1.778( 0) -1.800( 0) -1.822( 0) -1.845( 0) =1.869( 0)
0.5 =1.645( 0) =1.667( 0) —1.689( 0) =1.711( 0) -1.735( 0)
1 -1.294( 0) ~1.315( 0) -1.336( 0) —1.358( 0) -1.381( 0)
1.5 —8.398(—1% -8.591(-1) -8.790(-1) -9.000(~1) -9,223(-1)
2 —4.055(-1) -4 231(_1; ~4.415(~1) -4 612§ -1) —4.824(—1;
3 1.395(-1) 1.256(-1) 1.104(-1) 9.354(-=2) 7.490(-2
4 2.899§—1 2.795(-1§ 2. 674(—1; 2.5%2(-1) 2.370(—1g
5 2.854(-1) 2.779(-1) 2.684(-1) 2.566(=1) 2.426(=1
6 2.528(=1) 2.478(-1) 2.404(-1) 2.307(-1) 2.187(-1)
8 1.926(—1; 910(-1) 1.870(-1) 1.805(-1) 1.719(-1)
10 1.461(- 1.466(-1) 1.449(-1) 1.409(-1) 1.349(-1)
12 1.104(~1) 1.122(-1) 1.120(-1) 1.099(—13 1.060(-1)
18 4.551(-2) 4.802(-2) 4,989(-2) 5.120(-2) 5.,199(=2)
150 160 130 200
0  -1.894( 0) -1.920( 0) -1.975( 0) -2.030( 0)
0.5 -1,760( 0) -1.736( og -1.840( 0) -1.896( 0)
1 -1.406( 0) -1.431( 0) -1.484( 0) -1.539( 0)
1.5 —9.460( -1) =9,707(-1) -1.022( 0) ~1.076( O)
2 -5,050( - 1; —5.488(—1) -5.790(-1) -6.3%11(- 1§
3 5.463( %.296(-2) =1.350(=2) =6. 253( 2
4 2.190(-1) 1.995(-1) 1.568(-1) 1.114(~-
5 2.267(—1% 2.,092(-1) 1.702(-1) 1.282( g
6 2.047(- 1.889(—1; 1.536(-1) 1. 149( 1
8 1.612(-1) 1.488(-1) 1.201(-1) 8.803%(- 2;
10 1.270(-1) 1.176(-1) 9.513(-2) 6.954(
12 1.006(—13 9.382(~2) 7.727(-2) 5.801(
18 5.234(-2) 5.231(-2) 5.136(-2) 4 958( 2)
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Appendix 2

Range-energy relationsghip for of-particles in UO2

The « -ray spectrum fer& honiogeneous scurce shows
a fall-off in count towards lower energies., This could
N 7
be due to either a non-linenr energy-channel number or
)

»
non-linear range-energy relationship. Both relationships

were investigated.

The range-cnergy rclationship for x-particles
in noble gases 1is linear(?6) Since the rangc is
proportional to the cnergy the energy loss, which is
&EB, of an alpha-particle travelling a distance r
through argon at a pressure p, in which it has a

maxinum range &, is given by,

v = E 0 = .-I‘,:p- = f n —

E o= g8 = X Fo K" E;p = kp
(Eo = 1nitial encrgy of w-particlc ; and the range
is invergely proportional to the pressure(56) ).

S0, the residual energ, of the w-particle at the detector
is,
E = I, - kp _@?
The position of the peak on the spectrometer (channel
number) fronm a monoe .crgetic U235 welghtless source was
mneasured as a function of argon pressure. At channel O

the residual encrgy E, 1s sero, so

- 0 A
k - Eo/p "'"/1‘_4:'
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ourcc incrcased towards lower energies

)}

The spread of the
and 1t was nct possible to measure the position of the
neak for very low channel numbers. An eXtrapolation to
zerc energy was made (PFigurec 47). Having found k in
equation 48, equaticn 47 can be used tc give 2 plot of
"energy" versus "channel number" (Figurc 48). Two
differcnt "source to detector" distances were used and
the results agrecd within the ¢xperimental error

introduced by the extrapolation.

Using the calibration curve for "depth in U02"
versus "channel number of the spectrometer" a plot of
"energy" versus "distance" could be made (Figure 49).
This showed that the range-energy relationship was
indeed linear from 1.3 MeV tc 4.816 MeV¥. The slope of
this line was 448 keV/ micron. This agrecd rceasonably

well with 486 KeV/micren obtaincd by McNamaragl)

The non-linewrity of the depth-channel number
calibration curve could be attributed to the non-lincar
performance of the spectrometer. Using values of 1E/dc
(energy change per channel) (Figure 48) the channel
width could be reproduced exactly using the value of
448 keV/micron, but the thcoretically derived value,

283 keV/micron, used by Schmitz(SB) gnve a channel width

which was 1.58 times too large. However, this latter
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value of dE/dx agre.d with the calibration for high
energles if the encrgy per chammel were deternined
using a2 multi-standard source. The source used covered
a. range of encergies from 4.816 to 6.11 eV and it was
pussible that within this range cf energies the non-
linear betvaviour of the '"encrgy-channel number™ curve
gave a value of dE/dc which was not representative of the
energy range just below 4,816 MeV and the agreement

between the two methods of calibration was fortuitous.

If it is assumcd that the range-energy relation-
ship is linear down to zero energy, then the maximun

range for 4.816 MeV w-=particles in U0, is about 10,7

2
microns. (McNamara's value of R showed that the
maxinum range would be greater than 9.5 microns).
The range will probably fall off more rapidly ot

low energics and the value of 10.7 microns could be

regarded as an uyper limit of the range.
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Appendix 3

Effect of Instrunental Frror on the Diffusion Profile

Consider diffusion from an infinitesimally thin

tracer layer into a semi-infinite solid.

Consider a collimated count and assume the spread
of ¢energics, due to instrumental error, tc be normally

distributed.(PFigure 50).

The true concentration at depth 3 is given by the

suvlution to Fick's equation for this geometry:-

C £ 2
C . = _“...O_.,,_.,,..:_»_ e Xp .:--S.__
- vV 11 DY 4Dt

2y 2
Let Gaussian be I I, exp :Lﬁiﬁ) s & = standard

i 2 deviation
v " A 2N 2
Now I, = I t exp — x=%) aft
> i 2o ° ‘
o =T ’
giving I, = J2w~ I,

Let the relationship between concentration and activity
bhes -
I, = 3'C.
b4 /2 5

. C . ¢
The activity at a point x due to spread at s iss-

'C 2 2
I = L exp ("(X*é )
V2T o 2 o



-198-

true |
/ concentration

ACTIVITY ( Concentration )

/" |
Z

Figure 50, BEffect of 1nstrumental error on
d:.fi‘usxon pI‘Oflle. .
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The total count at x, IX is given by,

<L e

o e ¥
o C " 2
/e - —(xe
I, = \& —=— —= exp ( ) exp (-'(35‘2“) ) a:
J oV 2Ty it 4Dt 2z
I, = © 4  exp- (k5 §2 - x,%ay
y 40
3G
; - ; 1 1
where ¢ = B exp (~§—~)#f(§)° k, = =, 4+ =
e /EDE 2cf Lol ADE 2
k, = %
Completing the square:- 2 62
r (S
kY Y-
IX = C! exp T | exXp - (\/’kl‘,w— m”) d<
1 Jo N}
oo k
= " K exp - (J§a§— 57%)2 at
v 0 1
i 2 L = ;p— k -
Putting / J—Ei; 57 7
gives af = Jﬁl d .
oll L X
I, = el eXp -1 dq
vkl ’
S _k%
2Jkl
" I -k
Ceo I = e L orfo ( _?)
X vk, 2 29k
Substituting back for ch, kl and k2
1 —
gives I_ = A % ~x% -x{ 2Dt

o=, exp ( =) erfe (= o)
X o VDt 402 oDt + a? 20/ 2Dt . @
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Introducing the dinensionliess piarameters:

)t !
X = 7§j, and D = Jé@ﬁ (= /4Dt )
< V2o
4 'C. ¥ 2 _v* %
Gives IX = milﬂ_cnmﬁyg,m_ exp-—§§ww erfc —ﬁT§Qw
2d2rm (D “41) D “+1 D “+1

¥ 2
Por values of D for UOQ’ "log IX“ vergsus fix™n

is & straight linc beyond x = & 4, of gradient,
¢! — PO S,
4Dt + 207
b - L. _ 2d
B 4Gt 4t

For a given spread the correction term (c.f,
cquation 1) becomes morc important for short diffusion
runs and suall diffusion cocfficients.

For a "2 —count" for volume diffusicn alonc,

Loy
MalRP) ! e L - )
I, = .1 ‘L”@tlﬁf ' j~ex@(—§‘/4Dt),expﬁ—(x~§)2/2¢2) d¢
f?ﬁwr'EdﬁT U §2
[}

,"".f\

« ) _}.2 N
or I = const, I | (M=exp(=4=)) exp(-(x -1 ) d'*

§ D £*2

L

It is possible to integratce this in termsofa scrics but

serious difficultics arose when the limits “arce considered.
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o e X ) B |
Putting ~ = i . _
& v N+ 1 cevn( (=1 LD
f+1 1-exp( ((U+ITD )7
gives I = const. » D | o
< j—l e
- (7 - 1)°
* -
exp(-(x - Ejfff“) ) dv
From Weierstrass'! Thceorem: -
( +1 n
f(x) d&x = % H.f(a.) (15)
3 J:l d J
=1

Tables of H, (weighting factors) and aj are available(qag)
J

and here, (-1 2
Lrexp- ({5 )

() = - . exXp —(X\- ::_j)g
[ (7}_1)2 ) 1
Values can be obtaincd for n = 2,3,4 ete. until the

smallest acceptable error between successive determin-

ations is reached.
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Appendix 4

Results. Figures for ccencentration profiles

Figures for grain-boundary concentration profiles
were ''smoothed values'" taken from curves such as those
shown in Figure 51, Although individual counts showed
cunsid-rable scatter the curve was wsually quite well
defined. Most curves were like the average cases, 2
and 33 but even curve 4, which showed the grcatest
scatter, was still fairly well defined. The tracer
activities, correctcd to constant channel width, are

given every five channels in the following tables.

Figures in brackets in the tables are the
standard errors in the count:

A -~ B C

i

A = total count; B = Dbackground; C

tracer count.
Errcer in 4 is YA; and in B is VB.
Error in ¢ is YA + B, This is a slight over-

cstimate since B is the average background.

Calibrations A ~ G are for different settings on
the spectrometer (D is for a differcnt spectrometer).,

A typlcal setting is given in section 2.2.
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| | l — T I
— 1 Best curve U0, 1400°C for 912 x 109seconds..
2 Average w UQ, o 1400°C for 3-15x10°
3 Average « UO,,,. 1600°C for4-2x10°

4 Worst U0, . 1650°C for 1:69x10% »

COUNT
-———— scale 2

—

scale 4

e ® CHANNEL NUMBER ]

10 20 30 40 50 60 70
FIG.51 COUNT vs. CHANNEL NUMBER.— SMOOTHING CURVES. -
GRAIN - BOUNDARY PART OF DIFFUSION PROFILE r

§
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Calibration

Depth (microns) in U0, .

Channel
Number 4 2 £ D £ £ &

5 7.88 2,371 7.73 7.9%5 7.51 6.91 6.20
10 7.70 2,739 7.38 7.59 7.21 6.58 5,90
15 7.37 2.585 6.99 7.22 6.91 6.24 5.58
20 7.04 2,418 6.57 6.84 6.57 5.88 5.22
25 6.70 2.258 6.13 6.42 6.22 5.49 4.88
30 6.32 2,093 5.68 6,02 5.85 5,10 4.52
35 5.93 1.930 5.19 5.60 5.46 4.39 4.15
40 5.52 1.762 4.71 5.15 5.05 4.26 3,76
45 5.10 1,624 4.19 4.71 4.63% 3,81 3.39
50 4.68 1.462 3,67 4.25 4.20 3.37 2.98
55 4,28 1,292 3,14 3.78 3,77 2.92 2.56
60 3.84 1.121 2.57 3.31 3.32 2.44 2.15
65 3.38 0.95%4 1.97 2.8 2.86 1.95 1.73
70 2.88 0,784 1.37 2.36 2.39 1.45 1.3%2
75 2.37 0.619 0.76 1.86 1.92 0.94 0.95
80 1.85 0.412 80=0 1.37 1.43 0.41 0.54
85 1.32 0.240 0.87 0.87 84=0 86=0
90 0.77 0,066 0.37 0.33
95 0.22 92=0 93=0 03%=0

97=0

Th02 calibration The energy loss per unit depth

is smaller in Th02 than in UO2. Thus the channel width
(nicrons) is greater in theria in urania. Results for
Th02 were plotted as "log ¢! versus "X2" using the U02
calibrations (D~G). The value of D obtained was

multiplied by 1.28 (see section 2.3).
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<G QD IO DO KNV DO
oo wRCI NGO

O oF S DU IND- G
S AT IS TR A SO Ko
T O NN DD OGS

OO ONCNONON O
A

PN TN TN N TN TN T TN
CO OO 2 Daw O e
[QURQCR QTGN GRN QUGN QUR GER QN A
(NN NN r\/\/«\/«\/«\f\/«\

<A~ NN CND Ol
CH OO /m/_/)/_ C My O <
MAMNEN SR o IS L GO O

O < O 67n N
SORTORS

C* €D QD6 D O

FNETNTNETNTTN TN NN TN TS
D2 NG OV N OO
LA WL U S Wk W A
N/ N/ e N NS e AN
<] O PNONUIN T T INCD O OD
TING DI O g D
QIO IO O QI QY POVQT 1010y

O INNO QM IO -2 O
(S ERTORAN AN AN N SN s SE R

NN TN NSNS TN TONSTNS TN TN T
CHCI QY MNVMOVD T o I LW

A i S w W N N N W W
M e N NN N A N NN N
Aqu;tEOq,:,OO
COONO O s~ QU0 RN
N RT ST qnlq K

INOINNOINO O IO YN
3 B YR Q| MY ey

=0

s5€eC .

/l O [
above ch.

25 x
,-] -"/Y

for 2.
NG

1

Bl
./
Calibration:

Bookeron

”490o<

sec.

2
3200

b

hiometric TUQ

Tolyerystal 2
FyT e

Stoic

NN NSNS NSNS TSN N
C-ON N OO WD 5
A AT T EESEINS ANIEES g o
e AN N e NS
IO O O DS NG MOV
110_)244?37@:)
D03 ONOL LNVMOVUD L O o
T Qi Gl

(@R o wm/tl/“. MNWO 0O
DN ONNOONONONC
<

NS TNSTONS TN T NN NN TN TN
COCLGNONO T s MMM T I
TGN QY
e NP NI A WA T N N s N N g
QI T O O (D QD QY
S0 el el QR N 1&1/:1/0/
UMM AN = D F v

OO v ¢ Gt /UrE./f D5 ON
PO 0 80 0 (DD €O &) (o

TN TN NSNS TN TN TN A TN TN
KBRS RN N eI N s R NeORED]
A N N L O O N T U .
/l\/\\/l\t(\/l\/l\/.\/l\/l\/l\(
=4 INN i@ C = CO Do MOV
O~ C O _/./. IND-TD
< 9,?9_? — Co QOO QG

OLNC 7= Qe N - 00
] VU SN N A A A

IV N Vi Ve VL Y Vo Ve e WanN
IQUIGTRQVEQUEsaY Lol - o E i RN TaN
S W N N W e e vl
e N P W NI N N N N
il O N ¢ v r)rvi)xf NSO
O OO T UG N

NG IO IO L
O] = QAN



Stoichiometric UO

LOLycrySLaL

Counting time:

60 99(23)
65 116(23)
70 142(2%)
72 150(2L4)
75 1k0(24)

Stoichiometric UO
Polycrstsl 1

Counting time:

o A

5 805(3%)
10 906(%5)
15 982(3%)
20 1055(37)
25 11200389
50 1192(59)
55 497&(403

4O 1354(41)
45 1422(42)
50 1520(42)
55 1625 (4dt)

C

74
75
c
7

79
an

81
[end
&2

~

[ISAN

~

A
172

¢ A
5 -
10 -
15 -
20 -
25  15.10)
30 18(10)
35 21(10)
40  25(11)
45 25(11)
50 34(11)
55 42(11)
Stoichiometric UOQ
Polycrystal -
Countings tinme:
C A
35 44722)
40 52(22)
45 e0(22
50 71(22
55 84(22)

2

.[_X.

17100 sec.
A
52(12)
61(12)
78(13)
93(13)
84(13)
70(1%)
86(15%
104 (14
137(14)
118(14)
127 (14

G4GC0 sec.

(2u)
142(24)
230(25)
206 (24
204(25)
243(2%
224.(22)
226(21)
239(21)

0000 sec,

1787 (4¢6)
2005(48

5

D)

~206-

15479C for 6.912 x 107 sec.
Calibration: A
Background: 22 above ch, 80

¢ iy A

HO 1% 7T44> 94 453%(22)
81 142(14) 92 551(24)
oF A5 (14) 93 735(28)
83 162(14) 94 836(30)
a4 186(15) 95 1030(32)
£5 207(163 96 1221(35)
86 208(16) 97 1210(35)
87 240(47) 98 644(2;)
83 273(18) 99  90(9
39 318(19) 100 13(4)

90 370(20)

-
1600°C for 4,32 x 107 sec.
Celibration: A

Backoround: 106 above ch. 80

c A C A
83 257(p2) Yo 587(20)
gu  277(22) 9% 756(54§
65 272(22) o4 ou2(34

86 312(23) 95 1132(3€)
L7 329(23) 96 1239(37)
8C  z24(24) 97 918(31)
89 h22(25) 98 262(16)
90 460(26) 99  16(4)

91 578(28) 100 9(3)

1600°¢ for 2.25 x 107 sec,
Callbration: A
Packoround: 75 above ch. 80

C A C A \
80 3510(€1) 91 £997(85)
81 3490(60) 9“ 7725(39)
62 3782(63) 93 39638(9¢)
0% 58ou(al) 94 10818(104)
84 4409(65) 95 13234(116)
85 4358(67) OF 16092(1272
8 4h57(62) 97 15579(125)
87 U4931(71) 98 c044(78)
88 5274(74) 99  509(2%)
3G 5814(77) 100  A410(10)
90 &196(80)



-207-

5
Stolchiometric UO 1600°C for 2. 25 x 107 sec,
Polycrystal 2 2 Calibration: A
Counting Time: ©000 sec, Facquuund 7 above c¢h.80

C A C A C A C A
5 11%(12) FOo  267(17) TO 569(24) 1 1747(42)

10 127(12) 65 300(18) &1 533(2%) 92 22)9(48)

15 138(1%) 70 355(20) 82 &0%(25) 93 3215(57)

20 150(13) 72 3%67(2%3) 8% a0(26) 94 4506(67)

25 158(14) 73 3%€(21) 84 701(27) 9% 5845(77)

20 65(4) 7 4RG(21) 85 735(27) 96 5565(75)

35 17(14) 75 @56(223 86 873(30) 97 3056(55)

40 191(15) 75 405027 87 889(20) 98 1155(%4)

45  205(15) 77 447(22) 85 1092(33) 99 270(16)

50 220(1e) 78 485(22) 89 1177(35) 1006 43(7)

55 239(16) 79 482(22) 90 1322(3¢€)

Stolchilometric UOP 4‘50 for 5.784 x 105 SEC.

Folycrystal - Calibretion: A

Counting Time: 64100 sec. Bsckmround: 30 above ch. <0

¢ A ¢ ¢ A ¢ A
5  22(18) EO 443(@2) TO  317(22) 91 752(30)

10 35(19) 65 169(22) 381 337(22) 92 932(33)

15 45049) 70 217(23> 82 338(22) 9% 11%2(36)

20  55(19) 72 228(2%) &3 %31(22) 94 1425(40)

25  65(20) 73 2c62(24) 84 375(23) 95 1854(44)

30 74(20) 74 pe2(24) 85 417(2%) 26 2304(49)

35  86(2C) 75 265(24) 86 457(25) 97 2103(46)

4O 96(20) V& 285(24) 87 qou(n6) 9% 720(27)

45 404(21) 77 254(23) 83 €0E(28) 99 49(7%

50 116(21) 78 330(°4) 89 629(25) 100 (3

55 127(21) 79 323(2%) 90 €93(29)

Stoichiometric UG, 158490 for 8.5971 x 107 sec.

Sinsle crystal Calibration: A
Counting vime: S000C sec. Dackground: SO0 above ch. 30

C A C A C A C L
77 2h(17) B3 4Z(44) T9 11E(17) 95 797
78 32(16) &4 45(1%) S0 165(18) 96 533
79 35(15) 85 43(q4) S1 256(20) 97 284
80  29(14) 8  51(15) 92 445(25) 98 99
51 4e(1e) 87  82(16) 93 745(30) 99 9
82  47(15) 88  95(1&6) 94 850(31) 100 0



~208-

B iz
Stoichiometric U"Op 1620%C for 5.904 % 107 sec.,
Single crystal  © Calibration: G
Counting time: 66000 gec, Rackzround: 285 above ch., 06
C A C A C A C A
&3 167 70 49% 77 850 BY 2186
c4 212 71 448 78 931 85 2522
65 275 72 535 79 1065 ge 3064
e 339 7% 627 50 1215 87 3691
567 399 4 656 81 1350 88 4197
8 115 75 735 82 1545 89 3299
€9 518 %799 35 1803 90 1095
Stoichiometric UO, 1720°C for 2.592 x 107 sec.
Ssingle crystal < Calibration: A
C A C A C A C
79 57(153 85 110(15) 91 532(25) U6 5Oﬁ5( 2)
o 49(1u 86 1340163 02 354(%1) SG7 5208(72)
81  31(12) 87 156(16) 93 1331(38) 98 4174
82 49(13) 82(205(18) 94 2036(47) 99 352
83  63(13) 89 222(18) 95 3456(59) 100 5
84 66(13) 90 359(22;
Stoichiometric UO? 147706 for €.912 x 107 sec.
Folycrystal - Calibration: B
Counting time: 100600 sec Background: 36
C A C A C pil ¢ A
55 228(17) ©2 275(19) T9 230(19) 75 387(21)
56 214(17) 65 263(13) 0 282(19) 75 378(21)
57 294/47) o4 221(12) 71 312(27) 77 428(22)
58 245(18) 65 280(19) 72 327(20) 78 464(23)
59 “94(4() 66 293(19) 73 379(21) 79 489(24)
60 257(18) €7 280(19) 74 265(21) 80 507(24)
61 250018, 68 277(1%)
Stoilchiometric UOQ 1600°C for 2.25 x 106 sec.,
Polycrystal - Calibration: B

Countiny time: 20100 sec., Lackoround: 7/

G A C A c A g A

O 797(29) B6 976(34) 71 1330(37) 76 176E(42)
61 813(29) 67 1C39(32) 72 1340(37) 77 2033(45)
62 B8E(3C) &C 1062(330 73 1402(39; 78 2292(48)
65 933(21) €9 1M161(34) 74 1546(40) 79 2500(50)
64  921(31) 70 1248(36) 75 1782(42) 80 2827(53)
65 902(30)



uo

Sinzle crystal
Counting time:
¢ LS 4
Vs 50(1%) 83
7S 26(12) 84
gc  57(12) 85
81 8%(13) &6
&2 61(12) &7
U0» 001
sinsle crvaual
CrUntins £ime
C A C
7e Q04(26) 82
77 116(25) 83
7 100(24) &4
79 148(25) &5
80 177(255 &b
81 252(25) &7
905 001
fTolyerysbal
Counting time:
¢ A o
5  79(30) B0
10 109(30)  £5
15 143(31) 70
20 47”(§2> Val
25  204(32) 72
30 237(32) 73
5 272(3%) 74
40 302(34) 75
45 554(54) VAS
50 H56(23) 77
55  402(3%) 78
Ty
5 01

Single CTVbEdJ

ountln' u1m0°
;’L

4 Be10) 7 77
72 0(9)

73 15(10) 7°
i 11(10) &0
75 12(9) &
76 16 (8 82

57000

S RGLEN A VINY
SIS OIS N e s o=
DD D

NN TN NN
O CO~I~3~I0~3
NN NN NN

IV AN IS TG TR
I\) o

~J
Y
'\\) \l
A
O

A

AR A R G A AT AGI AN RN AR WY

DWW O
NI PN

ORS00~ =
NOENS N ISV ENG RN 1N
FNSTNETNSTNSTNTN TN TN NN

TSI~ OGN\ T
N~ C~JC~I~J N D

RS N e e

N

U000 sec,

13(8)
307
707

20(8)

31089

60(10)

ec.

0
@)
[}

1400°C for 4.248 % 105 sec,

Calibration: = ‘
?vbkuﬁolﬂi? 40 above ch, <0
& A ¢ A

36 1304 93 754(30)
89  149(15) 94 1452 (40)
90  159(17) 95 2328(50)
91 274(19) 96 1689 (42)
92 457(24) 97 242 ( 6)
4800°C tor 1.217 % 10° sec.
Ozalibration: -

Rackground: 160 above ch., &0
C A C A

85 u47(29) T3 1975(50)

39 597(31) 9h 3EE£(05)

9 631(33) 95 6546(L1 ¢

91 826(5%) 96 5033(73)

92  1197(41) 97  832(29)

1400°C fTor

Calibration:
Backyround:

C A
79 £95(25)
80 891(37]
o4 1036(38)
82 1175(40)
83 1205(41)
3L 1441(43)
85 4R2(43)
55 4G (47)
87 1505(46)
58 1830(47)
o 2162(50)
1400°¢

Calibration:

Back zound:
C A

Tz 71(11)
04 71(11)
85 1050125
86 105(12)
87  129(13)
83 235(17)

v
i

205 z2bove

C..

9
90
91
%
95
o4

zbove ch,75

6

1.217 x 107 sec.

O

W
(@]
e
1=
°

O

NI T =\

-3 A\WNATI o\
UTROCISNT 22 Aot D

INCNITNSTNINTN NS

-~
i

WA Q0T OV =

O~J 2 2 (~J Ot

AN X0

NPINEANG ¥ I ) N RN N N
AN

- 2
for 3,465 x 107 sec.

~

]
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O
/\
&= =\Nlor
\/\JJ\,QCJ:
NN NN



~210-

Uogeoq(starting as Uog.q)

Single crystal
Counting time: 78840 sec.

C C
77 32

A A

o] G(18)
78 0 83  79(17)
79 24(42) 84 137 (19)
80 177(20) 85 461(20)
8 54(17) 85 159(20)
U0s o1

folycrystal 1
Counting time: 51240 sec.

¢ A C A

5 177(19) TO  445(25)
10 194(20) 65 510(27)
15 212(20) 7 Z5u(27)
20 232(21) 6E& 539(27)
25 2-4(21) 69 5LE(27)
20 273(22) 70 574(28)
55 296(22) 71 £80(28)
40 547225> 72 647529>
45 341023) 73 599(28,
50 270(24) 74 554(27)
55 100(25) 75 €02(23)
0501

Polycrystal 2
Couniilng “ime: 52200 sec

C A C A
E7 209(20) 75 22%(20)
66 207(20) 75 285(21)
69  210(20) 77 280(20)
20 2522249 78 332(21)
71 236(21; 7S 31S(21)
72 25%2(22) 80 306(20)
75 202(21) &1 350(21)
74 192(20) 82 402(23)
005 01

rolycrystal 2
Counting time: 29040 sec.

C A 9 A
3 154(45) 75 184(16)
698 1e9(17) 77 202(17)

70 158(16) 75 181(17)
71 AZ6(17) 79 208(17)

72 188(18) &0 249218)
73 169(17) 81 238(18)
74 162(17) 82 283%(18)
75 1e1(1G) 83 307(19)

1400°C for 3.465 x 10° sec.

Calibration: E
Backzround: 110 above ch. 79

C A C A

87 292(23) Y2 7695(89)
& 431(26) 93 7297(&6)
89  83%(32) 94 1461(3%9)
90 1681(44) 95  230(15)
91 3771(63)
1400°C for 4

Celibretion: D
Pack~round: 5C above ch.80

C A c A
Ve 3E(30) T7  1897(i45)
77 897(29) 83 2174(48)
76 724(239 80 2543(51)
79 842(543 90 3251(58)
20 860(%1) 91 b549(68)
81 1002(33) 92 6475(81)
82 4077(34) 93 690S(83%)
3% 4450(553 o4 3035(€0)
4 1273(37) 95 327(48)
85 464(40) 96 14(a)

56 1606(41) 97 5(2)

1400°C for 4.295 x 10° sec.

Calibration:
Back-round: 52 above ch, 80

c A c A

853 428(2%) Y1 3293(58)
8l 42 594) 92  14905(70)
5 544(25) 93 3399(63%)
6 542(25)  S4  o44(31)
87 672(20; 95 "39(%6)
88 865(31Y 9% 0

89 1177(36)

90 1235(25)

-
1400°7 for 7.9%1 x 107 sec.

Calibration: D
Back-round: 30 above ch. 20

C _A O .Lc).

Bua 350(20) T2 1175(35)
85  378(21; 93 1681(40)
8¢ 406(22) 9S4 1952(45)
7 ue5(2%) 95 1395(37)
88 S41(24) 96 A66(19)
89  €20(26); 97 25(5)

90  712(28) S5 7(%)

91 889(31) 99 1(1)



uo

2,01
Polvcrystal d

Counting time:

c
>
10
15
20
25
30
25
40
45
5C
55

TO,

folycrystal

WAV TO MO MO TO TV T N
CUIDETOMO MO
DOMNIOD A I NWNO-T § i
STNSTNSTNS TN NSNS TN
PO MNP TUMNO MO NS TV NN
ViV = R E R E &
M/ N NN NN AN NS

Iavs
=, 01

Countving

C A

5 16(16)
10 25(18)
15 35(18)
20 £5(18)
25 56(19)
30 66(19)
35 79(19)
40 90(19)
45 102(20)
50 116(20)
55 13%2(20)
U005 04

C

C

50
65
&7
813
59
70
1
72
73
74

5

Single crystal

Counving tinme:

~

&
N PO

i

~J
~J
OO OO-Jcd=

N N e
COCoCOM OO
O\~ 0 00
N NN NN S

R
s

C
T

€5
€6
67
68
€9

-211-
1800°C fer 7.9%1 x 10° sec.

OO NS0

1O CO~I~IO0O~JO M-I N

NP IO

tine:57€00 sec,

A
145(21)

IO TP O
P TONNAN O PO O
(NN NN AN

92100 sec.

A
1023 (84L)
1004(86)
))/?(UQ)
1539(76)
1S (66)
1725(7%)

MM AN NN NN AN A NS

Calibration D
. Backrround:

G A

77 450(06)
78 512(27)
7S 5C5(27)

80  585(27)
81  526(26)
82 592(28)
83  532(28)
8 715(30)
35 712(30)
82 818(37)
87  938(33)

14.00°C ror 1. 1396 X

Calibration:
SBackground:

C A
e 307(22)
" 587(21)

78 3u2(22)
79 386(22)
80 358(22%
&4 wap(ou

382 479€25)
83 522(26)
a3l co6(27)
&5 E€73(32)
8e  €69(33)
1450°¢ for 2.

Calibration:

T
_d

72 above ch. G

c
87
88

(o]
89

90

A

2P0 Y PO B OY WU IO
AANANAL OO O U
M NN N N A

b 405 sec,

Background: 1300 above ch.68

C A

70 715(72)
71 2170(76)
72 9360(7?%
7% Pu2E(73
2 5040(81%
75 3577(35

C
76
77

79
80

439%(89)
4324(89)
5381(95)
6590(102)
982 (111)
51 12761(126)



UCs 01
Polycrystal
Counting time: 72300 sec
C A C A \

5 543(54% 57 E7R(BBY;
10 345(34 53 €52(38)
15 358(32 59  725(39
20 €7( 34 60 397(39)7
25 330(34) €4 799(u0
DO 389(35) 62 815(40)
35 410(35) €3 855(41)
40 445(55% 64 S54(42)
45  491(3E 65 1012(42)
50 5@0537) 66 1073(42)
55 643(28) &7 1177(42)
”C? 04

Sinzle crystal
Counblnf time: 243300 sec
¢ & Y A

70 22(u3) V7 260(42)
71 27(42) 78 »u40(41)
72 60(43) 79 576(403
73 8p(43) 50 61041
Dl cO(42) 81 L429(38)
5 8&(43) 32 451(37)
e 162043) 83 4c(37)
V05 o1

rolycrystal
Counting tTime:

C 3 C
5 Q0(16) 7O
10 94(16) 61
15 100(17) @2
20 104(16) 63
25 112(17) 4
30 418(17) 65
75 124(17) 66
4o 1%2(17) 67
05  142(418) 68
50 150(18) £9
55 1€3(18) 7

~212-

15600 gec.,

SANBR QRN S)

RN W N V. Q. UL . S, N G

ITNTNSTNSTNSTNS TNSTNSTNSTNSTN TN
~3~3 00 w0

LN N A N, N L N N, NP4 N N, N4 g

[0 SRS S W N S U S Y
~J~J\T OO0 00 G e

)
O NO~JIO T

145000 for 2.709 x 105 SeC .
Calibration: F

RBackground: 200 above ch, 70

C

[2%e
69
70
74
72
73
i
75
76

-7

783

1550°C for 1.625

A

4273(45)

L
)
SUEQ
3932

Crlibrations
Backpround:

G

B
55
8¢
87
on
L

90

1550°C for 1.

Calibration: ¥
Racky

C

74
72
7%
Vs
V5
76
"'
78
79
20

.....

N
D
NN

O NNY AD~J\N
O O\O~3 NV~T -
=

=

.Y

N D WDOONO\JINN
(o)}
NN AN TN NN

~

‘round:

SO N Yy
J0~3~3

WNC
NN NN N N

4

C
79

) 80

81
82
83
G4
85
86
87

B

450 above ch., &1

472 gbhove ch,

oo ;oo

200 ¢
Co~3 OV = o

e

0

G

6162(8

44065%
12953(1
10444-(4

4SET(7 %
%
2
3)
24308.(59)

L49(22)
130(11)

0
/}
8264 (5%
II
0

71

1099 (34)
99€(33)
1390(3%)
1709 (42)
1508(39)
P64(23)
158(12)
6(2)



21

U0, o 1650°C for 1.89 % 10T sec.
Single crystal Calibration: L

Counting time: 75000 scc. Backzround: 500 above ch. 82

C i C A F C A
75 = 81 185(37) 87 50G(39) B3 2207(57)
76 49(45) 82 319(3%6) 88  528(39) 94 3441(37)
vl 152(443 83 34@(37% 89 722(40) S5 5382(78)
78  197(43 84 465(38) 90  905(44) 96 15894(128)
79 150(41) 85 87(%9) 91 1102(46) 97 5343(75)
80 154(3%) 86 393(37) 92 1569(51) 98 2215(47)
U0, g4 1650°C for 1.89 x 10% sec.
Polycrystal Calibration: B
Countins time: 86400 sec. Background: 155 above ch.82
% L ¢ L Y & o A

5 129(2e) 60 305(29) 79 470(29) 90 697(%1)
10 445(25) &5 322(29) 8C  330(27) 91 806(33)
15 1€2(27; 70 337(30) &1 450(28) 92 811(33)
20 180(27) 71 3%6(50) 82 549(29) 9% 011 (H4)
25 190<27; 72 570g503 O3 569(29% S S82(3%5)
30 212(27 73 326(29 84 582(29 95  1195(37)
55 230(253 Vas 579(503 35 572(29) 95 1076235)
10 245&28 75 413(31) 86  532(287 97  979(32)
a5 260(28) 76 368(30) 87 575(29) 98  472(22)
50 275(29) 77 425(29) 88 586(29)
55 290(29) 78 436(30) &9  &34(20)
U0, g4 1650°¢ for 5.16 x 107 sec.
Single crystal Calibration: L

Counting time: 73500 sec. Back:round: 275 sbove ch.8

~

C L C L C i C £

0 80(34) V7 2aS(zs) Ty 617(34) 91 2823(28)
71 59(3%) 0o 232(33) 85 706(35) 92 3975(67)
72 50(34) 79 217(31) &~ 775(36) 93 5593(77)
75 S9(35) 80 266(30) 87 26 (78) 94 S704(84H)
7L 50(3L) 81 396(29) 88 1135(41) 95 6BR7(84)
75 £9(%5) 82 472(32) &89 1548(46) 96 4.770(70)
Vs 9t (33) 83 575(3Z4) 90 20€3(51) 97 1579(40)



105 04
Folvecrystal

Counting time: 69180 sec.

-2

1650°¢ for 5.16 x 10°

Calibration:
Backfround

I

85 qbove ch,8

SecC.

C A C A

5 58ﬁ(27) 60 123%8(40) 70 9057(48) 70 2)70(50)
10 446(25) 65 Au50(42) SO0 2183(48) 91 2301(50)
15 497(29) 70 1E76(~5) 81 2375(50) 92 2527(50)
20 545(30) 71 A203(a4) 82 248u(52) 93  2190(49)
25 €00(31) 72 1755(46) &3 2f94(53> o4 2272(49)
50 ©53(31) 73 1731(45) 84 2753(54) 95 2048(47)
35 713(3%2) 4 1912(47) & “’“0(54) 96  1792(43)
B0 P8A(34Y 75 A5ea(47) 8T 2373(50) 97  1128(3h)
45 £e8(35) 70 192a(47) 87 2;74(50% XN 47%(22)
S0 976(3E5 77 2029(47) 58 2299(50

55 1095(32) 78 1240(s7) 29 2329(50)

U0, o= 1500°C for 1.048 x 107 sec.
Polycrystal 1 Calibration: G

Countine time: ©1500 sec. Rackzround.: 200 above ch.66
C A C S C A C A

5 o9& Bu 50k £S5 12620 76 2332

10 128 55 539 I 7 2370

15 160 56 612 ©7 1353 78 2568

20 188 57 &08 o 144 79 2829

25 217 58 €56 6% 1598 oc 2917

50 240 59 708 70 1719 81 318

35 270 &) 7,1 71 1699 32 3171

40 A04 61 G4 72 1865 83 3265

45 249 62 878 75 163 S 333

50 404 0% 1036 7 2056 G5 3207

53 4885 =4 1092 YS5 2127 o6 AL

10, o3 1500°C for 1.043 x 107 sec.
Folverystal 2 Calibration: G

Counting time: 100740 sec Pack round: 350 above clhi,/6
o i C 4 C L C Pt

5 157 55 852 68 18479 e 3326

10 184 5% 3580 58 197C S 7540

15 233 60 919 70 Zas 80 A426

20 270 61 1024 71 2336 81 3521

25 316 c2 10%4 72 242% 82 3205

20 360 6?2 1707 73 2665 8% 3164
35402 a4 1220 4 2702 c4 319¢

40 452 65 426% Y5 2928 85 2885

45 4Gy 67 1454 76 H048 86 2569

50 535 £7 168 77 3300



-215-

005 o3 1600°C for 1.74 x 10" sec.
Folycrystal 1 Calibration: G
Counting time: 22550 sec. Dackeround: 72 above ch.E6h
¢ & ¢ 4 i ¢ A
5 107 54 317 65 561 76 1190
1C 120 55 339 St 578 77 1324
15 121 56 299 €7 G111 78 1433
20 447 57 3E5 €8 669 7S 1495
25 169 5& 396 6% 291 EC 1740
30 159 59 200 70 781 81 1848
35 195 50 406 1 CA9 62 1791
40 230 c1 434 72 ehs 85 1898
L5 255 SR INCYe) V5 927 84 1522
50 273 6% 4983 U 4014 85 1044
5% 260 64 566 Y5 1040 86 482

UCh o 1600°C for 1.74 x 107 sec.
igjygrystal 2 Calibrztion: G
Counting time: 75000 sec. Background: 240 sbove ch.66

C @ C A C A C o
G Tho 347 65 7738 V6 1187
10 161 55 3528 65 892 77 1297
15 456 56 326 587 757 78 1386
20 159 57 384 68 TEE 79 4495
25 168 53 L20 60 780 80 1692
30 18% 59 3¢ 70 753 81 1871
35 199 60 428 71 308 82 2042
Lo 225 61 495 72 863 8% 2342
45 256 62 533 75 970 8L 2624
50 286 53 575 7L 4015 85 2956
5% 268 6L 75 75 1128 86 3158
(SO 1400°C for 1.97 x 107 sec,

Lolycrystal 1 Calibration: B
Counting time: 146700 gec.Sackeoround: 400 above ch.32

C JZRL C ﬁx U i{L ¥ A

0 200043y BO 1230(52) 79 2179(58)  YC  4529(73)
10 370(44) €5 1385(54) 80 24739(59) 91 4897(75)
15 4U7(45) 70 4495(55) 84 2776(52) 92 5386(78)
20 521046) 1 1742(58) 82 3027(62) 93 5630(20)
25 €OU(47) 72 1756(58) 33 3295(64) 94 6075(85)
30 C75(40) 73 4629(57) 84 3603(e6) S5 G201(303)
55 7P63(49) 7L 1799(58) B85 ®398(C5) 96 5500(73)
B0 850(49) 75 1906(59) BE  3426(55, 97 3508(61)
45 242(50) 75 1915(39) 87 Z£58(E7) 98 1840(4%)
50 1040(51) 77 2072(59) &u  ES24(A8)

55 1M55(52) 78 2213(59) 89 4163(70)



_quu

b'g 05 47104 °¢ for 1. 86 X 10 sec.
;clvoﬁystal 2 Calibration:i

ouprlnp ilae MRS “‘sec BDacikoroand: 2 O above ch.&

N ¥ 'le /' O A

70 576(35) 77 505(35) ou 950(57) G1  1152(40)
71 346.(35) 523(365 O5 8q7(76) G2 1175(40)
72 58%(36) 7“ ©30(33) 86 844(36) 9% 1243(41)
7% 2€6(75) 80 584(%%) 8 040( 3G) 94 1520(43)
7L 395(36) 81 719(34) 88 27) 9% ahon(un)
75 438(25) 82 781(35) 8° 94O(ﬁ?) 96 1202(37)
76 4nh(30) 8% 879(54) 9C 400?(33) 97  773(28)
U05 o5 1000% for 3.51 x 10”sec
Tolycerystal 1 Calibratvion:Z
Gountln“ time: 55520 sec Lack"round ‘OO shove c“ 77
9 A C - C &

5 A0n(24) To TTnEN 6 (ﬂ)) &7 hG/ﬂ(?O)
40 225(25) 65 L2y 77 4695(”4) 88  4629(70)
15 2u46(25) €7 53(75) & 1851(45) 88 4491(60)
20 294(2@2 €0 GRT(3Y) 79 2099(48) S0 4397(8S
25  330(27) S "0NL{T3) 80 2483(50) ¢1 3931(64)
%0 266(28) 7010520725 81 2709(559 92 3435(0)
35 442(28) 741197040, 82 3334(59) G3  D2327(49)
GO 4G0(2S) 72-114C(59) 83 3932(64) 94 701(2%)
45 514(30) 73 1302(446) 84 4450(G5) S5 57(8)
50 576(31) 74 1u55(01) 05 4&66(70) O 215,
55 644(3%2) 75 17000Mg) 84 “4)0(r )

T02 05 1100°C for 5,51 x 10”7sec
IolyorythW 2 Calibration::

Counting Time: 7(0808@0 Racks round ”O above ¢h.7/Y
C A C L c C it

?7 847(35) h 1138(38) T 95)W(v°7 ©8 3377 (64)
65 821(34) 75 1236(39) &2 2872(55) 89 3656(82)
69  G84(35) 76 1332(40) 83 7548(5q> 90 3579(61)
70 S08(36) 77 13¢4(40) B4 3029(63) 91 3270(5L)
71 976(36) 76 1519(42) 85 3° (64 9P 2739(54)
72 1017(37) 79 1789(43) 36 /uOF(fb) 9% 1672(41)
73 1077(35) S0 2101(48) &7 4053(¢5) S4  401(20)
o, 1800°C for 2.838 x 10 sec
Folycrystal 2 Calibration:C

Counting tine: 16200090 JaChFPOUnL 24 aghove ch,(8
C A_ ‘J S ﬂ L C i\.k

% 635(1%) €8 8@(1ﬂ) 75 226(17) T2 857(3%0)
62 75(13) €5 S0(12) 76 312(15) 23 63(3)
€3 63(18) 7 cu(12) 77  s45(22) 84 11(%)
G4 52(12) 71 132(1%) 8 725(2G6) 85 3(2)
65  61(12) 72 113(13) 75 1155(35)

66  66(12) 73 148(14) 80 1578(40)

&7 71(11) 74 179(15) 81 1626(41)



—217—

U0, -
rolycxrystal 1

ountlnr time:63000sec.
b C A
h 59(49) 60 145(22)
10 64(20) 61 133(21)
15  64(P0) 62 149(22)
20 67(20) 63 479(22)
25  7219(20) 64 165(21)
30  76(20) &5 177(21)
35  85(20) 66 254(22)
4o 93(P0) &7 2h4(27)
45 103(21) £8  729(20)
50 117(21) 69 250(20)
55 131(21) 70 310(22)
uo, 4
iglchl§§?1 M
Countln time: 5MOOsec.
G ¢
= 402(22; =0 42((20)
10 100(21) 65 155(27)
15 93(21) 67 44(22)
20 838(21) 68 122(22)
25  84(21; 59 149(22)
50 B4(21) 70 170(23%)
35 86(21) 71 202(24)
10 88(24% 72 179(23)
45 o6(21 2% 220(2)
50 102(21) 74 212(23)
55  412(22) 75 216(22)
U054
Tolycrystal 2

4ount1pr FTine: /m°GOuec°
f( f‘{
ﬁ9_ 49h(24) s 26&(22)
20 208(21) 77 290(22)
79 180020 75 )o9<9,%
72 201(21) 79 358(2C
7% 274(22) 80 397(23)
Jh 208(22) 81 435(24)
75 2u4(22) 82 H45(06)

1000°¢ For

- - o (1
Ca]1bra$30n°0

Lac¢rround

71 293(24)
72 375(23%)
7% 4 (28)
i 48c(25)
75 634(28)
e 7773 (30)
77 1094-(35)
73 937(%7%)
79 1398(40)
30 2084(87)
81 2774(53)

_ n
2,835 x 10 sec.

ROOVG C .68

8

S5

gl
85
&6

4”77(44)
49(7)
23(5)

4(2)

1400%C for 1.175 x 10-”sec.

Gealibration:h

Baclkon

C i

e 245(27)
77 300(23)
78 335(23)
79 394(24)
80 L3L(2H)
81 49g(2A)
82 542(27)
83 562(27)
84 679(29)
a5 805(54%
86  851(32

Uu
89
90
1
g2
93
ol
95

96

~ound : S0 above ch,?77

f\

1400°C for 1.175 x 107 sec

Calibration:D

Background:60 above ch &1

U A

83 6571(28)
84 7h6(29)
85 892(32)
86 98 (55%
87 1118(3%5
85 1265(37)
89 1457{40)

/*(

/O

16)4(42)
181% (24)
1983 (46 )
1900 (45)
1952(45)
1320(43)
1565(40)
S64(2G)
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uo

2.7
Sinrle crystal
Counine time: 13560 sec.
C ..Lh.\, hs
[V 2(11) 7ﬂ 16(11)
68 5(11) 75 12(10)
G9 1(11) 76 23(10)
70 50117 77 26(10)
71 7(11) 78 28(9)
72 0(11) 79 44.(10)
7% 4(11) 80 56(11)
U054

Tolycrystal 1

Gountinr, Time: 88500 sec.
c L c A
5 82(21) €O 297 (24)
10 90(24% 65 272(25)
15 95(21) 66 293(26)
20 10%(2n) &7 204.(26)
25 412(22) 68 318(26)
30 121(22) €9 317(26)
)5 131(22) 70 578(27%
45023 71 405(28
AB 156 (23 4.2 400(28)
470223 73 469(29)
55 169(24) 74 451(27)
U0, 4

Polverystal 2

Counting time: 73620 sec.
C A C A

66 130(21) 73 8(94)
07 A4e(21) i 9405243
68 A72(2n) vo o aga(2en
69 47(21) 76 21%(20)
70 163(21) 77 268(21)
71 229(23) 78 271(21)
72 176(22) 79 299(21)

14:00°C for 1

Calibration:
Background:

C

B
52
83
8h
85
e
87

14.00°¢ for T.012 x

!\

7”(44)
104(1%)
127(13)
146(114)
211(16)
Pbo(ﬂS)
281(18)

817 405 Sec.,

D
28 above ch, 79

C i
T3 336(20)
85 750(21)
90  LE67(23)
1 479(23)
92 596(23)
9%  508(2%)
Sl 424(27)
9% 278(17)
405 SEC,

Calibration: D
Background: 92 above ch.78

G
75

80
81
82
33
ol

85 1

523
619( -
TUE(Z
778
892
10053 (7
110C
1224
1440
1576
019(4

/'\/“\/\/'\/\/'\/\/'\/\/'\
SOV O AON WY 1O TO

\J\JAOO“J\n'f\,J A A0 CH

AL NP AN A NI, A NP WA WA e g

¢
36
87
88
49
950
91
992
9%
QU
95
96

A
1700 (44)
1851(45)
1850(44)
1990(47)
2106 (48
2042é46)
1860(44)
1557 (40)

205(28
102(105
n(2)

1AOOOC for 2.012 x 405 sec,

Calibration 2
Backrround:

C

To~

81
g2
5%
gl
35
56

F‘;
e

N TV

ST Y O MY
=

CO~I M\
SIS

@
I=
1
N,
o

75 above ch. 78

C ;
feivs (9 (29)
36 779(30)
8 675(92%
90  83%9(31

91 949(33)
92 903%(31)
93 319(29)
oL 396(20)
95 35(6)
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_
uo, 1400°C for %.617 x 107 sec.

Single crystal Calibration: D
Counting time: 54540 secc. Dackpground: 55 above ch.?/8

C L C L G A G N
66 57(17) 4 130(10) 82 7250(22) S0 72 (293
o7 (7)) 75 190(1S5) 83 npp(2h) 91 732029
68 60(47) 76 169(18) 84 534(25) 92  £99(28)
69  97(15) 77 202(18) 85 508(26) 9% 675(26)
70 62(17) 78 246(19) 86 5680(26) S4  620(25)
71 ou(18) 79 286(20) 87 608(27) 95  4u44(21)
72 113(18) 80 315(21) 8 707(23) 96 144(12)
73 101818) 81 341(21) &9 679(28) 97 21(5)
U0, 4 1400°G for %.07°5% x 107 sec.
1olvcrystal SJalibration: D

Sounting Time: 71400 gsec. Dackground: 72 above ch.7&

C A C A G & C A

75 295(24) B0 357(25%) 75 367(24) TG 907(32)
10 287(24) 65 385(255 Y6 410(2%) 87 906(32)
15 276(24) 66 377(26) 77 497(2%) 8% 752(30)
20 2r8(2n) 67 383(26) 78 402(25) 59 830(31)
25 2‘7§24> S5 403(26) 79 503(25) 99 734(30)
30 277 243 €9 442(27% 80 555(26) 97 807(503
35 281(24) 70 405(26) &1 640%26) 092 694(R27
40 294(p4) 74 450(27) 82 591(27) 93 459(22)
u5  302f04) Y2 443(27) 83  €457(23) 94 121(11)
50 318%25) 73 456(27) 84k &77(29) G5 8(3)
55 331(25) 4 430(26) 704 (29)

GO 1400°C for %.842 x 102 sec.
Lolycrv tal Calibration: D

Counting Uime: 74460 sec. Backzround: 75 above ch.78

°

C L C I G c -
€6 329(25) 73 618(30) T 144?(;() 87 1407(41)
A7 3R9(26) 7 GL3(30) 81 1183(356) 388 1627(47)
63 396(?6) Y5 970(35) 82 1%26(38) 89 1550(41)
69 hag(27) 76 779(31) 83 45(39) 90 1522(41)
70 54f527> 7 Lo2(zny 8 1407(39) 91 140€(39)
71 811433) 78 920(34) 85 4487(40) 92 151C(57)
72 580(30) 79 1101(35) 86 1516(41) 93 1145(35)
oL 689(26)



~220~

Y% 4
Single crystal
Counting time 04690 sec.

o 4 e

70 495(21) 77 9(20)
74 6r(22) 78 447(24)
2 55(21) 79 494(49%
7% 78(22) 80 312(23
4. 63(22) 81 138(20)
75 08(22) 82 208(20)
76 1436(22) 83 265(22)
Y02, 1

Sln_lcwgr‘ec T

Countins Time: 7130200 sec.
C g i

70 6€3(37) 77 1PUTE(43)
7 757(78) 78 117341
72 752(58) 79 1283(h2)
73 69%(37) 80 1490(43)
P4 OuD(U0) 831 1692(45)
75 1004(41) 82 475&545)
76 1070042 83 1919(45)
U0 4

Tolverystal

CounLlnﬂ time: 97200 sec.

C A c ‘
71 574(32) V8 SA3(3F)
72 530(31) 79 934(36)
5 603(%%) 80 1011(56)
b 620(33) £1 1031(37)
75 722(%k) &2 1244(38)
7O US0(35) 8% 4R (44)
Yal4 ’00(3‘) S 477 (41)
uo,

1o]vcry,tal 2

CGounting time: 39820 sec.

C A C 5

67 4P1(n9) T 025 (34)
€8 512(20) 75 731(33)
69 529(31) 76 774g§2>
70 567(54% 77 828(33)
71 555031 8 OA4n(32)
72 617(32) 79 90&%55%
73 679233) TO 1014(%5

4477QC for 2.79 x 404 sec .
Calibration: i
nmckground 400 above ch, U1

.LA.

o 270(22) ‘Uﬂ 111C(36)
85 296(22) 92 C20(35)
85 510(27) 93 4190(57)
570 306(22)  S4 A4R9(40)
83 713(20) 95 1346(39)
89 522(27) 96 919(30)
9c  697(30) 97  288(1F)

98 30(5)

447700 for 9.18 x 10" sec,

Calibration: &
Backrround: 170 above cn.d

I

. C "

8u 1067 (43) Gq 5T (47)
85 1907(47) 92 2092(49)
86 4790(16) 93 2407(52)
87 1785(n6) 9k 3149(57
33 183%7(47) 95 )BOQ(C
59 1814(44) 96 3010(5%6
90 1&62(47; 87 40)7(3

Qb 415 (2

Orq o I S 4
/.LI"?? C Lor \]o/'U P28 ,]O SeCe

Calibration: E
Back-rTound: 44) above ch,32

C

TS5 4400 (40) 92 4463(41)
86 1206(39); 93 A644(L3)
87 1290(39) 94 2136(38)
S0 1306(40) 95 2538(52)
89 A380(L43) Co  232%(4L)
Gy 1364(40) 7 4047%35)
91 —~ 95 189(22)
447700 for 1.026 x 405 SeC.
Ualibration:
Backoound: 106 above ch.'/3
C A G L
B1 4122(36)  TC 1003(35)
2 1189(27) u9 952(25)
3 1211(38) 0 835(32)
B4 1221(38) 91 & 1(32)
85 1115(76) 92 832931)
86 1148(37) GA 454(Q2§
o 4049(353 9” 16201



uc

2.7
Polycrystal 1
Co. nting time:

o A C
5 497(21) &GO
10 149(22) G5
15 174(22} Y
20 1S9(R%) €8
25 226\?4} £9
20 256(24) 70
35 295(25) 71
4O R3(26) 72
45  785(27) 73
50 450(28) 74
55 53€(29) 75
UO,3 o

Sinsle crystal
,oun61n‘ tlme
c 4
70 - 77
71 - 78
72 0 79
75 22(21) 80
pzin Z272(21) 81
e, 25(21) 82
76 87(22) 83
U0, 4

Sinsle crystal

Gountins time:
Y A ¢

70 198(30, 77
71 197(20) 78
72 215(30) 79
73 222(20; &

2 Boggﬁﬂ) a1
75 5oC(%2; on
76 397(22) 83

~22 -

70020 sec.

G 3D)
o04-( 24 )
QUE (35 )
104G(37)
1036(57)
1110.5(33)
1191(59)
1267 (40)
1258(40)
1284( 40,
14 05(M§
73320 gsec.
A
105(21)
118(20)
172(21)
197(21)
513(72)
594(25)
545227)

140100 sec.

2

RV
RRSNENS ]

ITNANSTNTN TN

DA RAC RS RV

SO AN TN AN AN G
NN AN

SONDCO YN
NONR

DA

oD

14779°C for 1.026 x

Calibration:
Backzround;

iy
)

10°

Sec.

L% above ch.76

C o C i
76 A4dT(41)  T?  1930(46)
77 1503(42) GO 1862(45)
78 1646245) 89 194(15)
76 170%3(4%) 90 1708 644)
£0 1u/»(”9) S1 177 (43)
51 2026047 S22 1510(40)
g2 2083(47) S3 1065(332)
8%z 223%(49) C4 41420,
8 2264(50) 95 55(7)
65 2203(49) 96 12(3)
06 2040.(/7)

(0] e - l‘l'
1550 C for 1.50 x 10 SCC .
Ualibration: wu
Background: 104 ahovd ch.oq
T 657(2%) 91 1483(41)
u5 722(%1) 92 19“1( -2)
G 510(32) 63 1619(43)
27 9(3L) 9 4c57(43)
58 1052(35) 95 4“4/§*f>
40 1296.(x8) 96 510(2S 5
20 1400(40) 97 211015
1550 °¢ for A2 ¢ 104 sec,

Calibration:

Background:

‘\IJ‘FL] 70’)(/!1\
o 4960<4n)
&° 1227(40)
o7 1350 (4T )
20 AU (/1’3>
&2 /4G(A3)
90 1451(43)

m
R}

170 ab

sve clhi, 81

1593(22)

16075 (42)
16 0.(0)
1395 (40 )
127625@)

211 (30)
259(16)



UO

260100

10G5C0 sec.,

A
LoTvclygLal
uOi?mn‘tji-l:l-"" L;lﬂe
C i C
5 0(34) &0
10 O(34) 65
45 0(%5) 70

26(%%) 71

25 49(36) 72
30 73(36) 7B
35 100(36) 74
40 11S9(57) 75
45 AnR(37) 7€
50 164(37) 77
55 129(38) 7%
TO2 1
Polycirvsval
Countinr, Lime:
C L ;
5 3@(55) GO
10 05075 65
15 81(36) 69
20 112(56) 70
25 A40(37) 71
30 1658(37) 72
35 4\;(37) 0
4.0 20(}8) L.
45 257(38) 75
50 “72(;8) is
55 300(39) 77
UQQ 4
Pelyverystal
Countin’ Tine:
y 2 C
5 a67/(30) GO
10 200(30) 5
15 237(37) 70
20 27°(%1) 71
25 3142(32) 92
30 %75(3%3) 7%
55 39T(35) 74
B0 A55(3h) 75
45 517(35) 76
50 591(3%) 77
55 ~00(37) 78

R AN AN RGN SN RGNS A SN RGN A |

B~ 0O D

NI ROSAANTE

TR

~J o

N

[ .

S CED

A0 MNDC

i3

SeC.

R

B OIS RGN NN

=3O

N

RO G RGRGING

N N N N WL N N N N N N

NSO I

elojam

~
~

20

ERANOR G RCh T

A NIVE 0 L N W N N A N, N N

SO

\JIAR

NS NN Xe s N ¢a)

R N v N W N LN S g

Ay i

1550°C for 1.80 x 404 sec,
Calibration: i
Back round: 308 above c¢h.d1
79 366 (B4) 9C  44c(47)
80 493(35) 91 13580(50)
&1 Cou(36) a2 ”Or“(%?)
B2 723(37) 95 2335(54)
55 31(37) 94 2573(55)
84 892(%9) 95 2106(49)
o5 832079 96 E37(31)
86 La3r(39) 97  162(13)
37 1028(41)
88 1231 (43)
0G0 1290(4R)
155000 for 2.42 X 404 sec.
"alibwauion I
Backrround: 300 above ¢:.80
70 598(36) 89 1387(45)
7S 531(55) 90 463 (U6)
80 C’1g56) Q1 1601 (47)
81 759(37) 92 1673(48)
82 GEB(39) 9% 4/36(47)
8% 954(39) 24 1735(45)
O 1081(41) 95 1397°(39)
85 4404(“0) 96 731(27;
86 1022(40) 97 110(10)
57 137(u2)
SL TRC(4E)

1650°C ror 4,

i

quhrabLom

aclor oupd
Q

Vo 97/)( 77
20 1“'(f9)
3 )L.)TO((-S)
82 3004.(46)
C3 4355(64)
Gl ue20(70)
35 4427 (79)
86 U2 (08)
57 479L(69)
88 14495( 7
89 8431(2)

107 sec,

Pheox

1.0 abhove Pﬂ
C i
g0 744£”(&13)
S GE81(L2)
92 3932(85)
93 AER3(03)
o4 5254(6@}
05 27 (54)
o€ 1795(45)
27 343(19)
o8 134(141)



223

S

Uls 4 1650°C for 4.74 x 107 sec.
Sintle crystal anlibration: o
Counting tiae 54720 sec., Pack round: {0 above cli.iC
_JI_- ..* g _C __L. g} :L
€9 19C8(23) 7" )2(,@) 0% 1565(42) Do 2015(47)
70 200(°3) 77 2030y th 170a5) 91 1907(%5)
71 220(23) 75 714(20) 85 A7ie(az) 02 1875(45)
72 265(7°4) Y9 827(32; 6 1795 (48 9% 15973 (0 )
75 %77(26) G0 9ﬁﬁ(§3) o7 1&29(453 9L 4805044
74 300 (27) 61 1340(37) 83 1985046 G5 1(54(Uq)

97 UO" ol \. /
b “ . Ll-
b02.&2 1400°C for 9.3% x 107 scc.

Single crystal

uouusﬂn* tine: 7/U‘O
¢ " C L
[36) o =3 597
61 105 cO 70
62 151 TO 327
&% 250 71 933
ST 72 1029
65 232 73 1755
66 26 741150
A7 404 75 AR25
UU? 12
Polvcrystal
vovqflﬂV time: 008D
¢ ¢
5 106 57 5“7
10 1%¢ 53 A
15 166 59 51
20 L0 &0 7“0
25 234 61 54
A0 266 VI S
35 500 €% 689
uQ  TAae a4 8EH
45 3975 o5 904
50 405 65 10%3
55 495 67 1160
56 489 o 118

Calibretion: G

sec. Backorounl: 500 above ¢n.72

C . C "

76 1338 By 2765

77 1574 85 305

7S 7Y 86 719f

79 1758 87 1177

80 2004 88 4524

31 2179 9 4797

82 2315 SO R IRe VLt

83 2507 91 5137
1460°G for 9.3% x 104 sec.

Calibration: G

cec. hacksround: 290 above ch.tO

C s C o
89 1373 To 3567
70 1335 o1 3705
71 1410 32 97T
72 1540 &z auyy
A AYCE A 45g0
7 1C9% p5 5007
75 1950 86 5342
7(% 2302 87 Hhed
77 2736 8L 5779
78 2919 89 5792
79 3235 %0 Bk
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On ¢ ‘ 4
1400°C for 3.45 x 10" sec.

U025 15

Single crystal Calibration: =&

Counting time: 74400 sec. Backoround: 105 above ch,82
C . C L C A G L

71 77(22) 78 318(26) V5 658(29) TJ2  917(34)
72 305(27) 79 323(25) 86  662(20) 93 1000(35)
7% 158(24) 80 377(25) 87 699%30) o4 975(34)
7hoo1ce(24) 81 405(25) 88 699(30) 95 1078(35)
75 1€7(24) &2 478(2¢) 8 780(31) 96 932(33)
76 234(25) 83 595(28) 90 1174(37) 97 1027(33)
77 223(25) 84 686(30) 91 9e6(34h) 98  621(25)
Uuo 5,15 1400°C for 3,45 x 104 SEC,

—

“olvchSLal Calibration: &
Counting time: 97980 sec. Backrround: 260 above ch.8%

C i C L G A

5 28G(36) FO 690(42) TO 4055(45) §4 27%65(54)
10 324(37) €5 728(42) 81 1307(45) 92 2638(56)
15 3¢7(38) 70 760(42) 82 1695(48) 9% 2655(56)
20 412(38) 72 1027(45) 83 50(“73 ou -

25 451(39) 73 961(45) 84 4046(50 95 2859(58)
30 438(390) 74 910(44) 85 1878(4S) 96 3046(59)
35 539(40) 75 970(45) 86 183%%(48) 97 2030(58)
40 559(40) 76 4047(4f) 87 2266(53) 98 2125(48)
45 554(40) 77 - 88 1953(50)

50 625(41) 78 - 8% 2118(51)

5% 660(41) 79 1261(L6) Q0 2235(52)

UOP 15 1400°¢ for 5.28 x 104 sec,
Single crystal Calibration: oL

Counting time: 246700 sec.Backporound: 320 above ch.79
c ¢ io¢ - ¢ Lo
8 0 75 151(34) 82 241(31) 89 744 (38)
69 0 76 65(32) 83 301(31) 90 L99(39)
70 0 77 39(20) 84  459(23) 91 1043(41)
71 0 & 3(29) &5 477(54) 92 1387(43)
72 0(25) 79 1:7(238) 86 455(%%,; 9 1559(43)
75 30(3¢) 8 177(29) 87 556(34) 94 13%15(39)
74 115(3%36) &1 285(30) 85 664(36) 95 N6E(22)
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2 15 1400°C for 5.28 x 104 sec.

rolvcrvstal Calibration: &
Counting time: 93300 sec. Backrround: 112 above ch,79
C L C L C N C A
68 133(24) 75 23E(25) B2 3uB(24) B9 40F(25)
£9 135(25) 76 218(24) 8% 558(24§ 20 592(253
70 153(25) 77 207(22) 84  334(25 91 A4 (23
71 156(25) 78 245(22) 85  339(25; 92  494926)
72 186(°5) 79 250(22) 36  554(24) 95 501(75)
72 197(29) 30 274(22) 87  307(23) 94 423(22)
7H 0 209(23) 81 329(24) 88  375(24) 95 137(12)
UOP 15 1400°C for 9.12 x 10q sec.
Polycrystal Calibration: I
Counting time: 237600 sec.Backeround: 630 above ch.82
C I C O C & C i

5 735(57) GO 4000(81) 79 737R(96) 90 7903(96)
10 930(59) 65 4730(85) 30 7705(97) 91 7967(96)
15 1120(59) 70 5560(89) &1 8287(99) 92 7985(96)
20 1324(62) 71 5865(01) 82 £381(101) 93 7654(04)
25 1535(64) 72 5304(91) 82 9605(104) 94  7132(91)
30 1740(65) 73 6174(87) 84 9790(107) 95 6683(37)
35 1830(66) 74 6G362(94) 85 9144(102) 96 5056(75)
0 2220(69) 75 6501(95) 86 8607(99) ¢©7 2490(50)
45 2660(72) 76 6792(97) 87 38272(93) 98  289(30)
50 2960(74) 77 6388(95) 38 8442(S9)
55 3410(77) & 7064(96) &9 8328(95)
U0, 4o 1450°C for 2.88 x 10" sec.
Sinzle crvestal Calibration: F
Countin: times: 87300 sec. Background: 300 above ch.70
59 678(4%) B2 1249(87) 73 2197(53) ©O 77’ T(66)
60 756(44) 67 1338(47) 74 2323(54) 81 4104(09)
61 76e3(44) 68 14s5(u8) 75 248%(55) 82 4631(7%)
62 9u2(45) 69 1662(49) 76 2725558) 8%  S429(76)
63 929%46) 70 176%(4S,) 77 2972(59) 84 5227(74)
64 1046(47) 71 1914(50) 72 3047(50) 85 2382(50)
65 1M197(48) 72 2125(52) 79 3170(61) &6 396(20)
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Polycrystal

Counting time:
¢ 2 9

5 858(39) €0
10 927(40) €1
15 Q94(41) 62
20 1054(42) 63
25 1106(42) &b
30 1164(43) 65
35 1215(43) 66
no q272(k4) 67
45 1232(45) 68
50 1416(46) 69
55 1553(47) 70
U0s 45

Singsle crystal
Counting time:

C AL C
59 538(58) &6
60 740(59) 67
61 776(50) 68
£2 870(e1) 69
6% 93:5(61) 70
64 922(61) 71
65 1177(61) 72
Thin stoichiometric UO
Polverystal
Tounting time:
¢ L Y
5 125 52
10 131 53
15 131 54
20 131 55
25 139 56
50 150 57
35 159 3
40 175 59
45 191 a0
50 189 61
51 215 62

61800

~220 =

OOV D OOD
e M S e S NN NN

I\ AN\ TN\ INT - 4

1202 (A0)
1453 (60)
1712(60)
1901(69)
2244.(60)
2397(61)
2567(61)

207
271
18%
235
2802
217
266
353
3%
356
5%1

SEC .

2
63600 sec. Background:

1450°C for

)
[l

.83 %

Calibration: F
Background:

4
1250°C for 9.84 x 30

wl"

OY Y\ JIJT\ ST

N O =3 G

21,07

’\I'"‘l

JITl 2

277
296
3049

5211

)UU<
5649(6
41%%(67)

\OO\]\]I\)\)

(
(5
57(5°
77
(5
(5
(!
(

A4 L WL S WL A L N A WL N

168 above ch.

@2
85
S
35
86
87
86

Calibration: I

C

75
I'/LI_
75
76
7
78
79

234900 sec.Backrround: 700

5012(6)
3173 (68)
5250 (68)
3400 (69)
5914-(72)
ue62(77)
4812(79)

C
0
81
82
33
84
85
86

1620°C for 5.904
Calibration: G

9

63
64
65
66
67
683
69
70
71
72
73

657
S
749
913
998
1077
1197
1332
1483
1828
2129

C

i
5
76
7
78
9
&0
81

82

104 sec.

VAl

4517 (69)
0721 (71)
4695(70)
5582(60)
1615 (41)
300(17)

57(8)

seCe.

above ch,70

5747 (84)
5866919
9684(95)
3077(10)
7310(90)
2745(56)
h56(22)

m
/l
5
0

p'e 105 sec.,

609 above ch.66

2507
256%
2810
3116
3271
3047
3157
EUL)

247l
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Th in U0, ., 1600°C for 5.574 x 10" sec.
Single crystal Calibration: G
Counting time: 21600 sec. Background: 175 above ch. 66
c_ L 6L o g C 4
55 169 T4 500 73 921 82 5208
56 239 65 178 74 1059 83 5724
57 213 66 607 75 1095 34 6577
58 275 67 589 76 1261 85 6071
59 206 83 608 77 1534 86 4153
60 277 6 68% 78 1831
61 261 70 €28 79 2302
62 338 71778 80 2884
6% 400 72 857 81 3783
A
Th in U0, 1620°C for 5.7 x 107 sec.
Polycrystal 1 Calibration G
Counting time: 133200 sec,Backsround: 400 above ch. 66
C i 83 O C A C L
5 24L T2 903% 53 20833 74 5862
10 285 53 850 o4 2435 75 6581
15 221 54 986 65 2522 76 7016
20 360 65 1114 66 2719 77 7711
25 399 56 1272 67 2830 75 8123
30 440 57 1202 68 2073 79 3161
55 498 58 - 68 3347 80 3389
40 561 59 1443 70 3752 81 8259
45 666 60 1603 71 41064 82 7533
50 792 61 1734 72 4724
5 855 62 1982 7% 5299
2

Th in U0, 1620°C for 5.7 x 10° sec
Polycrystal 2 Calibration: G
Counting time: 78800 sec. Background: 136 above ch. 66
c_ ¢ L C i ¢ 4

5 61 52 295 63 732 74 2396
10 30 5% 312 64 775 75 2861
15 ou 54 346 65 380 76 3204
20 104 55 378 66 911 77 3623
25 118 56 381 67 1002 78 3870
20 144 57 402 68 144 7S 4182
325 154 58 46 69 1143 80 4401
4o 1485 59 450 70 1313 81 4423
45 221 60 477 71 1488 82 4121
50 265 61 603 72 1964

51 280 62 626 73 2072
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Th02 fir (commercial pellet) 1584°C for 4.071 x 105 sec.,
Counting time: 5400 sec., Background: 220

G i C - 3 A ) o
56 55 62 146 686 249 4 997
57 48 6% 119 69 423 75 13505
58 70 64 138 70 380 76 1557
c 64 65 164 71 296 77 1857
60 72 66 %25 72 628 78 2129
61 79 67 240 73 584 79 1376
ThO, H, 1625°C for 2.349 x 107 sec.
Counting time: 18660 sec. Background 380
C i o £ O L { "
56 126 6% 638 70 1868 77 3826
57 158 4 669 71 2134 78 4219
58 245 65 814 2 2267 79 4508
59 229 66 965 75 2672 80 4630
60 %16 67 1164 74 2925 81 5151
1 361 68 1347 75 3247 82 5585
e2 478 69 1529 76 3555 8% 6497
&7 9018
Tho, 1, 1640°C for 2.214 x 10° sec.
Counting time: 27660 sec. Backzround: 450
e
56 1073 63 290 70 788 77 20%0
57 138 64 368 71 867 78 2564
58 47 65 415 72 1034 79 2945
59 149 66t 405 73 12710 &0 2846
60 155 67 527 74 1391 &1 4154
61 230 68 594 75 1490 82 4695
62 273 69 566 6 1722 &3 4816
ThO, CO/CO,, 1640°C for 4.38% x 10° sec.
Counting time: 82500 sec. Background: 1600
¢ L G L ¢ i ¢ i
59 103 65  34% 71 549 77 1612
&0 91 66 305 72 621 & 2013
61 44 67 396 75 772 79 2156
62 218 68 366 4 924 &80 2077
63 199 68 419 75 1081 81 177
o4 264 70 491 76 1285 82 0
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SecC.

sec.

SEC .

ThO, 4ir (pellet 1)
Cou%ting time: 65700 sec.
C’ i J G ?’ux
53 147 €0 392
54 106 61 460
55 174 62 448
56 262 63 547
57 274 64 5%6
58 283 6 14
59 296 66 636
Thop Lir (pellet 2)
Counting time: 65700
¢ A& 5 i
58 46 65 181
59 79 66 264
60 124 67 270
61 174 68 326
b2 181 69 399
63 138 70 469
64 163 71 482
Th02 H2

Counting time: 53300
(J 4 -I\. C P ,L
62 1k G8 95
63 40 69 190
o4 50 7C 320
65 93 7 451
66 121 72 540
67 93 75 71
ThO, H2 (pellet 1)
Counting time: 53700
C ‘-l’; C f'.
5% 4B €1 267
54 117 62 304
55 102 6% 338
56 194 ed4 500
57 159 65 626
58 153 66 704
59 211 67 819
60  24C 68 943

1650°C for
Background.:
G
67 663
68 U5
6% 826
70 844
71 833
72 977
75 971

2. 19H
00

1650°C for 2.494
Background; 1200

¢
72
73
7L
75
76
77
78

531
602
584
681
711
791
930

79
80
81
82
83
8l
35

1600°C for 8,94
Backgroung: 500

999
1192
1657
1963
2614
3003

80
81
82
85
84
a5

1670°C for 1.548
Packoround: 750

C

69
70
Al
72
73
4
75
76

1087
1137
12544
1512
1665
1799
2026
2239

C

X 105 secC.

891
©89
1081
1276
1243
1183
940

pie 105

1004
120¢
1322
1498
1285
1088

553%

10

5952
4119
4197
4295
1856

X 105

2432
5065
2746
47077
5468
5631
4992
2535

secC.

sec.,



ThO, Hg (pellet 2)
Counting time: 168C0O
C B o A
59 107 66 308
60 131 &7 209
61 105 68 %18
2 175 €9 42
63 202 70 436
64 176 71 531
65 202 72 627
T

ThO2 L2

Counting time: 74460
C _':; C 4 ..
52 118 60 307
53 127 61 292
54 148 62 414
55 231 63 423
56 183 64 451
57 18 S5 546
58 277 66 516
59 273 67 686

Th02 Vacuum

Counting time: 39120
C L ) .
55 &85 63 353
56 77 64 418
57 195 65 492
58 168 66 583
59 224 67 610
60 288 . 68 738
61 263 69 826
62 333 70 949
ThO? Vacuum

Counting time: 88060
¢ i c A
65 75 69 16k
64 153 70 241
65 127 71 294
66 141 72 305
67 137 73 490
68 288 74 476

-230-

sec.

Sec.

sec.,

Sec.

167000 for 1.548 x 105 SEC .,

Background: 240

c g C
75 615 @0
7H 7k 81
75 830 82
75 916 &3
77 1001 84
76 1157

79 129

1720°C for 9.432
Background: 1200

g i C
68 €87 76
69 V58 77
70 911 78
71 1047 79
72 1116 80
73 1428 81
74 1559 82
75 1923 83

182500 for 6.18 x
Backzround: 9250
C i G

71 923 79
72 1084 80
73 246 81
V4 1357 82
75 1378 83
76 14680 oL
77 A6U2 85
78 1769 86

1890°C for 3.282
Background: 1400

¢ i 5
75 4d7 81
75 585 82
77 656 8
78 78K et
79 1042 85

80 1271 86

q64T0
1703
1900
1004

565

X ’IOI1L

2275
2624
3276
4180
4015
4850
3124

0

10

1877
2136
2392
2714
3129
5832
4353
4290

< 104

1842
216G
2338
2639
1105

0

S5€C.

secC,

S5€C .
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ThO, Vecuum (pellet 1)  2069°C for 1.398 x 10" sec.
Counting time: 72900 sec. Background: 1200
c C ¢ A c
62 56 &7 196 72 413 77 977
6% 15 685 231 75 470 78 1177
o4 119 69 262 4 591 79 1052
65 120 70 28 75 660 80 750
6 170 71 BU43 76 85 &1 0
/
ThO, Vacuum (pellet 2) 2069°C for 1.395 x 107 sec.
Countinm time: 158700 scc.Backzround: 3000
C 9 A C C
62  34L &7 708 72 175 77 4548
6% 372 63 3890 735 1S9%¢ 8 4322
64 412 69 99 74 2561 79 2905
GH o GU2 70 1251 75 30084 80 2008

66 697 71 1473 76 3330 21 a
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